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Noble gases are very rare in meteorites because they are the most volatile 
elements, they behave as the most incompatible elements, and they hardly take part in 
any chemical interactions. Because of the scarcity in meteorites, noble gases have been 
used as one of the most sensitive tracers in cosmochemistry. In general, noble gases in 
meteorites occur as a mixture of discrete “components”, where a component is defined 
by having a certain isotopic and elemental composition. Primordial noble gas 
components that had been originally trapped in meteoritic materials serve as tracers for 
the accreted materials and the post accretionary processes in the parent body. Solar wind 
noble gases that had been implanted onto the surface materials of the parent bodies 
serve as a tracer for the solar activity. In this study, I determined the inventories of 
primordial noble gas components in primitive CR chondrites and experimentally 
examined their resistance to aqueous alteration in chapter 2. In chapter 3, I estimated 
solar wind fluxes in the past that are recorded in solar-gas-rich meteorites using a newly 
developed estimation model. 
 In chapter 2, concentrations and isotopic ratios of all the noble gases (He, Ne, Ar, 
Kr, and Xe) in the primitive Renazzo-type (CR) chondrites Elephant Moraine (EET) 
92048, Miller Range (MIL) 090657, Northwest Africa (NWA) 801, and hydrothermally 
treated MIL 090657 were measured by stepwise heating methods and total melting 
methods. On the basis of a petrographic classification scheme, the CR chondrites are 
classified as petrological type-2.7 for EET 92048, type-2.8 for MIL 090657, and 
type-2.8 for NWA 801, indicating minimal aqueous alteration. NWA 801 contains 
abundant solar noble gases while EET 92048 and MIL 090657 are solar-gas-free. Major 
primordial noble gas components in the solar-gas-free EET 92048 and MIL 090657 are 
Q, HL, Ar-rich, and the water-susceptive He and Ne component. The last one was lost 
during an aqueous alteration experiment. In terms of the Q-like isotopic compositions 
and low release temperatures (400ºC – 600ºC), the water-susceptive He and Ne 
component is similar to that observed in a refractory amorphous interplanetary dust 
particle (IDP) that may be of cometary origin. I argue that similar materials that host 
Q-like gases accreted on both the CR chondrite parent body and comets, and CR 
chondrites may have formed at a greater heliocentric distance. Cosmic-ray exposure 
ages for the solar-gas-free EET 92048 and MIL 090657 are estimated to be 6.5 ± 0.4 Ma 
and 6.8 ± 0.4 Ma, respectively, consistent with most CR chondrites that cluster around 
~5 - 7 Ma. 
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 The theoretical solar wind evolution models and the observations of young stars 
resembling our Sun suggest much larger solar wind flux in the past, while the 
abundance of implanted solar wind noble gases in lunar regolith implies that the mean 
average solar wind flux in the past up to ~4 Ga has been similar to the present-day flux. 
In chapter 3, solar wind fluxes in the past are estimated using solar and cosmogenic 
noble gas compositions in seven solar-gas-rich meteorites based on a newly developed 
estimation model. Any hint for the higher solar wind flux in the past is not found. I 
argue that the theoretical models overestimate the past solar wind flux in our solar 
system. Assuming present-day solar wind flux at the time of solar wind irradiation for 
the solar-gas-rich meteorites, the past heliocentric distances of the meteorite parent 
bodies were estimated. Except for the Rumuruti chondrite Mount Prestrud (PRE) 95410, 
the distances are almost consistent with the present-day distributions for the analogous 
asteroids and the predicted formation locations, suggesting that the heliocentric 
distances of the parent bodies of the most solar-gas-rich meteorites have never changed 
largely after their formation. The estimated short heliocentric distance for PRE 95410 is 
consistent with the previous study, suggesting inward migration from the asteroid belt 
regions where the parent body formed. Alternatively, the solar wind flux at the time of 
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1. General introduction 
 
1.1 Meteorite classification 
Meteorites are classified into three categories, iron meteorites, stony-iron 
meteorites, and stony meteorites based on their contents of silicates and metallic 
iron-nickel (Weisberg et al., 2006). Iron meteorites consist primarily of metal with 
nickel, whereas stony-iron meteorites have roughly equal proportions of metals and 
silicates. Stony meteorites are composed mostly silicates and oxide minerals, and 
divided into chondrites and achondrites. The chondrites are characterized by the 
presence of chondrules. Chondrules are generally millimeter-sized, spherical shape, and 
have compositions similar to that of the solar photosphere (Sears and Dodd, 1988). The 
textures of chondrites suggest that they had never experienced melting nor significant 
chemical change ever since they formed. Therefore, chondrites are widely recognized as 
primitive meteorites. On the other hand, achondrites contain no chondrules and their 
chemical compositions are fractionated relative to that of chondrites.  
Chondrites are classified into 15 groups, and all chondrite groups except the 
Kakangari and Rumuruti chondrite groups are categorized into three classes: enstatite, 
ordinary, and carbonaceous chondrite classes. They have different petrological and 
mineralogical characteristics and chemical compositions. Ordinary chondrite class, 
which comprise ~85% of meteorites that fell onto the Earth (Weisberg et al., 2006) are 
subdivided into three groups: high total iron (H), low total iron (L) and low total iron 
and low metallic iron (LL). Enstatite chondrites are characterized by highly reduced 
compositions. Enstatite chondrite class is also subdivided into high total iron (EH) and 
low total iron (EL). Carbonaceous chondrites are classified into 8 groups, CI, CM, CR, 
CO, CV, CK, CH and CB based on bulk chemical compositions and oxygen isotopic 
ratios. Groups within the C chondrite class are usually named with the first initial of the 
representative specimens: CI (Ivuna-like), CM (Mighei-like), CO (Ornans-like), CV 
(Vigarano-like), CK (Karoonda-like), CR (Renazzo-like), CB (Bencubbin-like), and CH 
(high Fe, ALH 85085-like) (Weisberg et al., 2006). Carbonaceous chondrites have high 
water and carbon contents compared to enstatite and ordinary chondrites and their 
chemical compositions most closely match the Solar System composition relative to any 
other class of chondrites. The Solar System composition is almost equivalent to the 
chemical composition of the Sun, because it accounts for more than 99% mass of the 
Solar System. Especially, CI chondrites have the most primitive chemical compositions 
(similar to that of the solar photosphere) (Weisberg et al., 2006). In addition, chondrites 
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are also classified into petrologic type 1-7, accounting for the degree of asteroidal 
processing. Type 3 is defined to be the least altered and may preserve most primitive 
materials. Type 2 to 1 represent increasing degrees of aqueous alteration, and type 4 to 7 
represent increasing degrees of thermal metamorphism. Figure 1.1 provides a summary 
of the petrologic types that are represented in each of the chondrite groups (Weisberg et 
al., 2006). 
 
1.2 Asteroidal processing of chondrites 
Two major types of asteroidal processing affect compositions and structures of 
chondrites; thermal metamorphism and aqueous alteration. Thermal metamorphism in 
chondrites results in recrystallization and homogenization of minerals (Huss et al., 
2006). Degrees of thermal metamorphism increase from 4 to 7 and the upper limit of the 
maximum temperatures during the metamorphism are ~950 ºC (Huss et al., 2006). 
Aqueous alteration mainly results in the changes of mineral compositions, such as 
formation of phyllosilicates, magnetite, carbonates, and sulfates. Variable alteration 
assemblages are results of differences in alteration conditions (Brearley, 2014). Each 
mineral in chondrites has different susceptibility to aqueous alteration. Minerals such as 
olivine and pyroxene are much more resistant than amorphous silicates and Fe-Ni metal 
(Brearley, 2006).  
 
1.3 Noble gases in meteorites 
Noble gases are very rare in meteorites because they are the most volatile 
elements, they behave as the most incompatible elements, and they hardly take part in 
any chemical interactions. Because of the scarcity in meteorites, noble gases have been 
used as one of the most sensitive tracers in cosmochemistry. In general, noble gases in 
meteorites occur as a mixture of discrete “components”, where a component is defined 
by having a certain isotopic and elemental composition. This includes components that 
originate from in-situ production; radioactive decay (e.g. 4He, 40Ar), and those produced 
by nuclear spallation reactions induced by cosmic rays (cosmogenic components). 
Those in-situ components are often dominant in meteorites of higher petrologic type 
(experienced higher temperature metamorphism), which tend to have low abundances of 
the “primordial” noble gas components. Trapped noble gas components are generally 
divided into primordial noble gases, which are present in the meteoritic materials that 
accreted on to the parent bodies, and solar wind noble gases, which are directly 




1.4 Primordial noble gases 
Primordial noble gases in meteorites consist of a number of different individual 
components characterized by unique elemental and isotopic compositions that are 
carried by specific host phases. Some primordial components, including the “Q” 
component that usually dominates heavy noble gases (Ar, Kr, Xe) in primitive 
chondrites, are isotopically similar to the solar noble gases and might be “local” origin 
(Ott, 2014) (Fig. 1.4). Other primordial components such as the “HL” and the “G” 
components are carried by presolar grains and show anomalous isotopic compositions 
that reflect excess contributions from specific processes of nucleosynthesis in stars (e.g., 
s- process, r-process, p-process) (Ott, 2014). 
 
1.4.1 Q component 
 The “Q” component is probably the most abundant and widespread component 
(Ozima et al., 1988) and usually dominates heavy noble gases (Ar, Kr, Xe) in primitive 
chondrites. In the case of the chemically highly primitive Orgueil CI carbonaceous 
chondrite, ~95% of 132Xe belongs to the Q component (Huss et al., 1996). Lewis et al. 
(1975) discovered that most of the primordial Ar, Kr, and Xe remain in 
HF/HCl-resistant residues of the CV chondrite Allende but were lost from the residues 
when treated with the oxidizing acid HNO3, with little loss of mass. Lewis et al. (1975) 
named these gases after “quintessence” and the phase which carries the Q component 
“phase Q”. It is now well established that phase Q is a carbonaceous material because 
its abundance is correlated with C content and phase Q is combustible (Ott, 2014, and 
references therein). The Q component is also characterized by high concentrations of 
noble gases. There have been no experimental simulations for gas trapping by Q that 
accounted for the gas abundance in Q by adsorption in the gas pressures expected in the 
solar nebular with the possible exception of Xe in Marrocchi et al. (2011). And even if 
gas concentrations were extremely high in the study of Marrocchi et al. (2011), the 
trapped gases were not as retentive as Q-gases. 
 The elemental composition of the Q component is highly fractionated compared 
to solar noble gases (e.g., 4He/132Xe is depleted by ~7 orders of magnitude) (Busemann 
et al., 2000). Isotopic ratios of Ar, Kr, and Xe in Q are similar to, but distinguishably 
different from those of solar wind. For Kr and Xe, Q noble gases show a 
mass-dependent fractionation relationship relative to solar wind (Ott, 2014). A mass 
fractionation of about 1%/amu, that is observed for Xe, has been found in ion 
implantation simulation experiments, and thus may be consistent with the “plasma 
model” favored for Q noble gases (e.g., Matsuda et al., 2010), where the noble gas ions 
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were acquired by implantation. 
 
1.4.2 Noble gases in presolar grains 
 Presolar grains are stellar condensates that form in the outflows of evolved stars 
and in the ejecta of stellar explosions. They survived the formation of the Solar System 
and are recognized by their isotopic signatures, that are significantly different from 
those observed in other Solar System materials (Zinner, 2014; Floss and Haenecour, 
2016). The noble gases in presolar grains show distinct isotopic compositions reflecting 
the nucleosynthesis processes by which they were produced. The contribution from the 
slow neutron capture process (s-process) is observed in the noble gases in presolar 
silicon carbide (the G component). The contribution from the rapid neutron capture 
process (r-process) and the p-process (by which the proton-rich isotopes are produced) 
are found in the noble gases in presolar nanodiamonds (the HL component). 
 Nanodiamonds in primitive meteorites occur in high abundance exceeding 1000 
ppm (e.g., Huss and Lewis, 1995). The nanodiamonds were first identified by Lewis et 
al. (1987) as a host phase of isotopically exotic Xe, which seemed to tie them to a 
supernova, now known as Xe-HL. Nanodiamonds are the main carriers of He and Ne in 
primitive meteorites while Ar, Kr, Xe are usually dominated by the Q component (Huss 
and Lewis, 1975). The HL component is the most abundant and most well-characterized 
component carried by nanodiamonds that is likely supernova origin. The exotic Xe 
isotopes of the HL component are produced solely by the p-process (124Xe,126Xe; Xe-L) 
and those produced only in the r-process (134Xe,136Xe; Xe-H). The P3 and the P6 
components, which are isotopically less anomalous and less abundant, are also found in 
nanodiamonds (Huss and Lewis, 1994). 
 The G component is carried by silicon carbide (SiC) (Ott, 2014). Ne-G, or 
Ne-E(H), is dominated by 22Ne, with very small amounts of 20Ne and 21Ne. Kr and Xe in 
the G component (Kr-S and Xe-S, respectively) show large overabundances of the 
isotopes made in the slow neutron capture process (s-process) of nucleosynthesis (Fig. 
1.4) like other heavy trace elements in SiC grains (e.g., Yin et al., 2006). This indicates 
an origin from material made in an asymptotic giant branch (AGB) star origin, a phase 
that small- to medium-sized stars go through at the end of their lives (Zinner, 2014). 
Kr-S and Xe-S are also found in presolar graphite (Amari et al., 1995). 
 
1.5 Noble gases in acid-soluble phases 
 All the primordial noble gas carriers described above are HF/HCl-resistant phases. 
The HF/HCl resistant phases retain a large fraction of the primordial noble gases (Q and 
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noble gases hosted by presolar materials) in the bulk meteorites, especially for Xe (Huss 
et al., 1996). However, there is evidence that the HF/HCl soluble phases in meteorites 
contain primordial noble gases that are characterized by much higher 36Ar/132Xe ratios 
(e.g., Alaerts et al., 1979; Nakamura et al., 2003). From mass balance calculations, 
Alaerts et al. (1979) derived high 36Ar/132Xe ratios in acid-solubles from CO chondrites 
to be up to ~850 for Kainsaz, where about 90% of trapped 36Ar is in the acid-soluble 
fraction. Such high 36Ar/132Xe ratios are also observed in unequilibrated ordinary 
chondrites (Schelhaas et al., 1990; Miura et al., 2002) and some classes of anhydrous 
carbonaceous chondrites (Miura et al., 2001; Nakamura et al., 2003). Yamamoto et al. 
(2006) found that the Ar-rich component in the HF/HCl soluble phases is also 
susceptible to aqueous alteration by experiment, and suggested that the Ar-rich 
component had been lost from primitive asteroids during aqueous alteration processes. 
Nakamura et al. (2003) suggested that the most probable trapping sites of the Ar-rich 
component in a dark inclusion of Ningqiang carbonaceous chondrite are the amorphous 
rims around silicate grains based on transmission electron microscopy of the 
acid-treated and the untreated dark inclusion samples. 
 Recently, Krietsch et al. (2019) found that large amounts of He and Ne are 
released from a minimally altered CR chondrite by H2O treatment. This suggests the 
presence of another water-susceptive noble gas component in primitive CR chondrites.  
 
1.6 Subsolar component 
 The “subsolar” noble gas component is uniquely observed in some enstatite 
chondrites, especially in those of higher petrologic type (e.g. Patzer and Schultz, 2002; 
Okazaki et al., 2010). The subsolar component is characterized by high Ar/Xe and 
Kr/Xe ratios compared to the Q component. This is similar to the Ar-rich components in 
unequilibrated ordinary chondrites and anhydrous carbonaceous chondrites. The most 
probable host phase of the subsolar component is enstatite (Ott, 2014). The subsolar 
gases have also been found in chondrules of enstatite meteorites. Okazaki et al. (2010) 
suggest a scenario in which solar noble gases (later converted to the subsolar pattern 
through metamorphism) were implanted into chondrule precursors, which then accreted 
and formed enstatite chondrites showing the subsolar signature (Ott, 2014). The 
relationship between the subsolar and the Ar-rich components in unequilibrated 
ordinary chondrites and anhydrous carbonaceous chondrites is not clear. However, their 
host phases and the trapping mechanisms are probably different because the chondrules 
in unequilibrated ordinary chondrites do not contain Ar-rich noble gases unlike the 




1.7 Cosmogenic noble gases 
 Cosmogenic nuclides including noble gases are mainly products of spallation 
reactions due to interactions of galactic cosmic rays (GCR) with atoms in the meteoritic 
materials. Generally, production rates are higher when the mass difference between 
target and product is small, e.g., the production rate for 21Ne from Mg is ~2 - 3 times 
higher than from Si and several ten times higher than from Fe (Wieler, 2002). 
Cosmogenic noble gases are also produced by the capture of secondary cosmic ray 
neutrons which have already been slowed down to lower energy. In addition to the GCR, 
solar cosmic rays (SCR) can also produce cosmogenic noble gases via spallation. The 
typical ion energies are ~1 - 100 MeV/nucleon and ≥0.1 GeV/nucleon, respectively 
(Caffee et al., 1988). Because of its lower energy, SCR is only active within a few 
centimeters from the surface while GCR penetrates a few meters (Wieler, 2002). 
Production rates for the cosmogenic nuclides can be determined based on the empirical 
formulas (e.g., Eugster, 1988) and physical models (e.g., Leya et al., 2000; Wieler, 
2002). A cosmic ray exposure age (CRE age), which is a duration of exposure to GCR, 
can be calculated from the concentrations of cosmogenic nuclides and their production 
rates. In most cases, the CRE ages correspond to the time between ejection from the 
parent body and falling to the Earth. The peaks in exposure age histograms for each 
chondrite group indicate common impact events that led to the ejection of meteorites 





Fig. 1.1 Diagram showing the petrologic types for each chondrite group (Weisberg et al., 2006). 
 
 
Fig. 1.4 Xe isotopic composition of Q, HL, Xe-S (G), Earth atmosphere relative to the solar wind 
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2. Trapped noble gases in primitive CR chondrites MIL 
090657, EET 92048 and NWA 801 
 
2.1 Introduction 
 Noble gases in meteorites are important tracers of the formation of the early Solar 
System. Various isotopic anomalies associated with nucleosynthesis in stars and 
supernovae have been identified from the noble gases in presolar grains (e.g., Lewis et 
al., 1987; Huss and Lewis, 1995) in primitive chondrites. For example, r-process and 
p-process for the HL component in presolar nanodiamonds and s-process for the G 
component in presolar SiC and graphite. The Q component, which dominates the heavy 
noble gases Ar, Kr, and Xe in the primitive meteorites, is likely to be representative of 
the most important noble gas reservoir in the Solar System outside of the Sun (Ott, 
2014) and is widely observed in all chondrite groups. Those noble gas components are 
hosted by acid (HF/HCl) resistant materials such as presolar nanodiamonds, presolar 
SiC, and the phase Q (still unidentified but a carbonaceous phase) and compose a large 
fraction of the primordial noble gases in the bulk meteorites (Ott, 2014). However, the 
“acid-soluble” noble gases that lost during the acid treatment have received little 
attention so far. 
 The Ar-rich component, that is characterized by the enrichment of Ar and Kr 
relative to Xe and the Q component (Wacker and Marti, 1983), is known to be hosted by 
HF/HCl-soluble materials (Alaerts et al., 1979; Nakamura et al., 2003a) in 
unequilibrated ordinary chondrites (Schelhaas et al., 1990; Miura et al., 2002) and some 
classes of anhydrous carbonaceous chondrites (Miura et al., 2001; Nakamura et al., 
2003a; Ott, 2014). The Ar-rich component is also susceptible to aqueous alteration and 
suggested to be lost from primitive asteroids during aqueous alteration process 
(Yamamoto et al., 2006). Recently, Krietsch et al. (2019) found that large amounts of He 
and Ne are released from MIL 090657, a minimally altered Renazzo-like (CR) 
carbonaceous chondrite (Davidson et al., 2019), by H2O treatment. This suggests the 
presence of another water-susceptive noble gas component in primitive CR chondrites. 
However, the trapping mechanisms, host materials, and the distributions of the host 
materials in the early Solar System are poorly understood for the soluble noble gas 
components. 
 The CR chondrites cover the whole range of aqueous alteration, from ~CR3 (least 
altered) to CR1 (most altered), and some of them represent some of the most pristine 
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extraterrestrial samples available for study (e.g., Weisberg et al., 1993; Abreu and 
Brearly, 2010; Schrader et al., 2015; Davidson et al., 2019). While the CR chondrites 
have been extensively studied by many kinds of analytical techniques (e.g., Alexander 
et al., 2013; Davidson et al., 2014; Floss et al., 2014; Howard et al., 2015; Schrader et 
al., 2015; Abreu, 2016), noble gas compositions are not well-known excepting a few CR 
chondrites (Busemann et al., 2016). Some CR chondrites are regolith breccias that 
contain large amounts of solar wind noble gases (e.g., Nakashima et al., 2009; 
Busemann et al., 2016), that is obtained by direct solar wind implantation on the surface 
of the meteorite parent body (Wieler, 2002). Solar wind noble gases usually dominate 
He, Ne, and Ar in the solar-gas-rich meteorites and hide the primordial noble gas 
compositions (e.g., Obase et al., 2020). Detailed noble gas studies for CR chondrites 
have only been performed on aqueously altered meteorites (Reynolds, 1964; Mazor et 
al., 1970) or solar-gas-rich meteorites (Scherer and Schultz, 2000). Therefore, the 
compositions of the primordial noble gases in minimally altered CR chondrites, which 
probably contain some water-susceptive noble gas components, are still not known. 
Accretion of the CR chondrite parent body at the greater heliocentric distance than other 
chondrites has been inferred from isotopic studies (Van Kooten et al., 2016; Budde et al., 
2018). Therefore, testing the presence of the Ar-rich component in less-altered CR 
chondrites further constrains the distribution of the Ar-rich component in the early Solar 
System (i.e. universally or locally distributed). 
 In this study, I aim to: (1) understand the inventories of primordial noble gas 
components in the less-altered CR chondrites, (2) examine the effects of aqueous 
alteration on the abundance of the primordial noble gases, (3) constrain the host 
materials of the water-susceptive noble gas components in CR chondrite. For that 
purpose, I have examined mineralogies and noble gas compositions of two less-altered 
solar-gas-free CR chondrites (EET 92048 and MIL 090657), one solar-gas-rich CR 
chondrite (NWA 801), and experimentally altered MIL 090657. The distribution of the 
water-susceptive noble gas components in primitive chondrites are also discussed by 
comparing the noble gas elemental compositions in the CR chondrites and other 
primitive chondrites reported in the literature. 
 
2.2 Experimental procedure 
2.2.1 Sample descriptions 
 The following three CR chondrites were analyzed in this study: Elephant Moraine 
(EET) 92048, Miller Range (MIL) 090657 and Northwest Africa (NWA) 801. The two 
Antarctic meteorites EET 92048 and MIL 090657 were supplied by NASA, Johnson 
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space center. The paired meteorites for EET 92048 have been described as minimally 
aqueously altered meteorites (e.g. Alexander et al., 2013; Harju et al., 2014; Abreu, 
2016). MIL 090657 has experienced very limited thermal or aqueous processing and is 
one of the most pristine CR chondrites (Davidson et al., 2019). The insoluble organic 
matter (IOM) structure and absence of phyllosilicates of NWA 801 indicate that aqueous 
alteration of this meteorite was very limited (Furukawa et al., 2019). Solar wind noble 
gases are highly concentrated in NWA 801 (Nakashima et al., 2009; Matsuda et al., 
2009) while they are not observed in the bulk noble gas compositions of EET 92048 and 
MIL 090657 (Busemann et al., 2016). 
 
2.2.2 Sample preparation 
 Two polished thick sections (E-01 and E-02), three polished thick sections 
(M-L01, M-L02, and M-L04) and two polished thick sections (N-01 and N-03) were 
prepared from EET 92048, MIL 090657 and NWA 801, respectively. All thick sections 
are 0.8 – 1.0 mm in thickness and mounted on glasses with glycol phthalate. E-01, 
M-L01, M-L02, N-01 were coated with carbon in ~20 nm thickness to eliminate 
electronic charges during scanning electron microprobe (SEM) analysis and Electron 
probe microanalyzer (EPMA) analysis. Remaining E-02, M-L04, and N-03 were also 
observed using SEM with a low vacuum mode. After SEM and EPMA analysis, carbon 
coatings on E-01, M-L01, and N-01 were removed by polishing. 
 Small pieces (~100 – 250 µm in diameter) of matrices and dark inclusions were 
extracted from E-01, M-L01, and N-01 for synchrotron radiation X-ray diffraction 
(S-XRD) analysis. Then, glycol phthalates on E-02, M-L01, M-L04, and N-03 were 
removed by washing in boiling acetone several times. M-L04 (~150 mg) was gently 
crushed in the size less than ~500 µm with boiling liquid nitrogen (this is not 
recommended for samples for noble gas analysis because low-temperature enhances the 
adsorption of the atmosphere especially for heavy noble gases; Fanale and Canon, 1972). 
The crushed M-L04 section was separated into three fractions: M-L04 (42 mg), 
M-L04AQ (71 mg), and a fraction for preservation. M-L04AQ was heated for 20 days 
at 150 °C with deionized water in a Teflon pressurized vessel for hydrothermal 
alteration experiment. Five grains of treated M-L04AQ were picked up for further 
analysis. Two of the five grains were prepared for S-XRD analysis and the other three 
grains were mounted on glass with glycol phthalate and polished for SEM analysis. 
 An NWA 801 fragment (~200 mg) was crushed and 21 small black grains (named 
N-m01 – N-m30, 0.35 - 1.32 mg) were picked up and then micro X-ray computed 
tomography (µXCT) slice images of N-m01 were obtained at Tohoku University 
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Museum. Finally, E-02, M-L01, a part of N-03, M-L04 and M-L04AQ for stepwise 
heating noble gas analysis and N-m01 – N-m30 for total extraction noble gas analysis 
were individually wrapped with gas-free Al-foil. 
 
2.2.3 Scanning electron microscope analysis 
 Initial textural and mineralogical characterization was performed by a SEM 
(Hitachi S3400N at Tohoku University) and an FE-SEM (JEOL JSM 7001F at Tohoku 
University) equipped with energy dispersive spectrometers (EDS). In order to 
understand overall textures, full backscattered electron (BSE) images of all the sections 
and three M-L04AQ grains (M-L04AQ01 – M-L04AQ03) were obtained. EDS analyses 
were performed at 15 keV accelerating voltage to identify chemical compositions in 
minerals, matrices, and metals. E-02, M-L04, and N-03 were analyzed with a low 
vacuum mode (at 40 Pa). 
 
2.2.4 Electron probe microanalyzer analysis 
 The chemical compositions of minerals, matrices and metals in E-01, M-L01, 
M-L02, N-01 and x-ray elemental maps of a chondrule-CAI compound (N-01-chd05) 
were obtained using a field emission electron probe microanalyzer (FE-EPMA) at 
Tohoku University (JXA-8530F) equipped with a wavelength dispersive X-ray 
spectrometer (WDS). WDS point analyses were performed at 15 kV accelerating 
voltage, 20 nA beam current and 10 s counting time with a focused beam for almost all 
silicates and metals excluding matrices. Analysis for matrices was performed at 15 kV 
accelerating voltage, 10 nA beam current, 10 s counting time, and 5 µ beam size to 
avoid Na loss. Quantitative chemical compositions were calculated by the atomic 
number (Z), absorption (A), and fluorescence (F) (ZAF oxide) correction method. 13 
major elements in silicates and matrices were quantitatively determined, with detection 
limits of 0.02 wt% for Al2O3, K2O, CaO, NaO, MgO; 0.03 wt% for SiO2, MnO, SO3, 
P2O5, Cr2O3, FeO; 0.04 wt% for TiO2, NiO as well as 7 major elements in metals with 
detection limits of 0.02 wt% for Ni, Fe, Mn, Co, Cr, S, P. Natural and synthetic crystals 
were used for standards. X-ray elemental maps (Na, Mg, Al, Si, K, Ca, Ti, Cr, Mn, and 
Fe) of N-01-chd05 with resolution of 2×2 µm/pixel were obtained at 15 kV accelerating 
voltage, 20 nA beam current and 30 s counting time per point. A combined X-ray 
elemental maps was obtained using the ImageJ software. Modal mineralogy of N-01-chd05 
was calculated using the GIMP (GNU Image Manipulation Program) software. 
 
2.2.5 Hydrothermal alteration experiment 
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 A chip of MIL 090657 (M-L04) was crushed into <500 µm small particles and 
M-L04AQ weighing 71 mg was separated for hydrothermal alteration experiment. 
M-L04AQ was loaded into a Teflon vessel (50 cm3) with 2 g deionized water. The 
Teflon vessel was encapsulated into the stainless-steel pressurized vessel. The vessel 
was kept at 150 °C for 20 days. The internal water vapor pressure is estimated to be 6.2 
atm. After the experiment, 60 mg of rusty brownish sample was recovered. 
 
2.2.6 Synchrotron radiation X-ray diffraction analysis 
 Small pieces (~150 – 250 µm) of matrices and dark inclusions extracted from 
E-01, M-L01 and N-01 and two grains (150 – 200 µm) of M-L04AQ after hydrothermal 
alteration experiment were analyzed by the synchrotron radiation X-ray diffraction 
(S-XRD) method (Nakamura et al., 2008) to obtain mineral compositions, especially for 
identifying the presence of phyllosilicates. The samples were mounted on thin carbon 
fibers (~5 µm in diameter) using glycol phthalate, set in a Gandolfi camera, and then 
exposed to synchrotron radiation X-rays (λ = 2.161 ± 0.001 Å) at beam line 3A of the 
Photon Factory Institute of Material Science, High Energy Accelerator Research 
Organization (Tsukuba, Japan). Exposure times were 10 – 20 min for each sample. 
 
2.2.7 Micro X-ray computed tomography 
 In order to identify the internal structure, Micro X-ray computed tomography 
(µXCT) slice images of N-m01 with resolution of 1×1×1 µm/voxel were obtained at 
100 keV accelerating tube voltage using a ScanXmate-D160TSS105/11000 at Tohoku 
University. 
 
2.2.8 Noble gas analysis 
E-02, M-L01, N-03A, M-L04 and M-L04AQ for stepwise heating noble gas 
analysis and N-m01 – N-m30 for total extraction noble gas analysis were individually 
wrapped with gas-free Al-foil and loaded in a sample holder in a noble gas extraction 
line of a noble gas mass spectrometer modified-VG5400 at Korea Polar Research 
Institute. The sample holder was preheated at 150 °C for 24 hours to remove adsorbed 
gases from the sample surfaces. Each grain sample was heated for 30 min at 1800 °C for 
total extraction noble gas analysis. The stepwise heating analysis was performed from 
400 °C to 1800 °C with 200 °C intervals. The heating duration was 30 - 40 min plus the 
time to reach the nominal temperatures. The extracted gases were purified by two Ti-Zr 
getters and SAES getters (NP10). He and Ne were separated from Ar, Kr and Xe using a 
charcoal cold trap held at the temperature of boiling nitrogen. The He-Ne fraction was 
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further purified using two charcoal cold traps and admitted into the mass spectrometer 
After measurement of He and Ne, reserved Ar, Kr, and Xe were desorbed from the 
charcoal trap. Then Kr and Xe were adsorbed onto a sintered stainless-steel trap at 95 K. 
After Ar analysis, Kr was desorbed from the trap at 160 K. Xenon was finally released 
at 230 K.  
Sensitivities and mass discrimination correction factors of the mass spectrometer 
were calibrated by measuring known amounts of atmospheric noble gases and a helium 
standard gas enriched in 3He relative to air (3He/4He = 1.71 × 10–4). Blanks for noble 
gases at 1800 °C were 4He = 8.0 × 10–11, 20Ne = 1.9 × 10–11, 36Ar = 1.3 × 10–11, 84Kr = 
7.9 × 10–14, and 132Xe = 1.1 × 10–14 cm3 STP for stepwise heating analysis of E-02, 
M-L01 and N-03. Likewise, blanks at 1800 °C were 4He = 1.3 × 10–10, 20Ne = 3.8 × 10–
12, 36Ar = 2.7 × 10–12, 84Kr = 5.6 × 10–14, and 132Xe = 9.0 × 10–15 cm3 STP for stepwise 
heating analysis of M-L04 and M-L04AQ. Blank contributions for noble gases loaded 
into the mass spectrometer were <0.01% for 4He, <0.8% for 20Ne, <1.8% for 36Ar, 
<5.2% for 84Kr, and <1.4% for 132Xe for total extraction analysis of N-m01 – N-m30. 
Blank corrections were applied for all noble gas data, and isobaric interferences (40Ar++ 
on mass 20 and (44)CO2
++ on mass 22) were subtracted based on the peak intensities of 
40Ar+ and CO2
+ measured before and after the Ne isotopic ratio measurement and the 
40Ar++/40Ar+ and (44)CO2
++/CO2
+ ratios determined elsewhere. 1 sigma errors are given 
for noble gas isotope ratios and include statistical uncertainties for measured blanks, 
samples, and standard gases. 
 
2.3 Results 
2.3.1 Petrology and Mineralogy of EET 92048, MIL 090657 and NWA 801 
 Polished surfaces of two EET 92048 chips (E-01 and E-02), three MIL 090657 
chips (M-L01, M-L02, and M-L04) and two NWA 801 chips (N-01 and N-03) were 
examined (Fig. 2.3.1-1). Overall characteristics of all samples are generally consistent 
with previous descriptions of CR chondrites (Abreu et al., 2016). Abundant Mg-rich 
type I chondrules (typically 1 – 2 µm in diameter), fewer Fe-rich type II chondrules 
(mostly fragments), chondrule fragments, and Fe-Ni metal grains are embedded in 
fine-grained matrices. Fe-Ni metal grains are mostly located on the periphery and in the 
interior of the chondrules while metal grains that are independent of chondrules are also 
present. “Smooth rims”, which are probably products of aqueous alteration (Harju et al., 
2014), were identified around some chondrules in all meteorites (Fig. 2.3.1-2k). Dark 
inclusions are found in MIL 090657 and NWA 801. Two refractory inclusions including 
a unique chondrule-CAI compound are also found in NWA 801. Small chondrule 
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fragments are widely embedded in MIL 090657 and NWA 801 matrices while those are 
less common in EET 92048 (Fig. 2.3.1-2a, c, i). Alteration of mafic phenocrysts, which 
is commonly observed in highly altered CR chondrites (Harju et al., 2014), is not 
identified from any samples. 
 
2.3.1.1 Matrix and Dark inclusions 
 Broad-beam (5μm-diameter) WDS point analysis was performed on representative 
fine-grained regions of CR chondrite matrices and dark inclusions (DIs). Coarse grains 
(e.g. silicate fragments, metals, magnetite) embedded in the matrices and DIs are 
avoided for the analysis. The average elemental compositions of the fine-grained 
materials (the numbers of analysis n = 13 – 36 for chondrite matrices, n = 6 – 10 for 
DIs) were plotted in a Fe-Si-Mg ternary diagram (Fig. 2.3.1.1-1). The chondrite 
matrices and two DIs in MIL 090657 (M-L01-D01 and M-L02-D01) distribute within 
the region of CR matrices reported in Abreu et al. (2016), with an exception of a DI in 
NWA 801 (N-01-DI01) which is in the region of the Tagish Lake carbonate poor 
lithology. 
 Matrix Framboidal magnetite, which is produced by aqueous alteration (Harju et 
al., 2014), is not recognized in MIL 090657 nor NWA 801 but is observed in EET 92048 
matrix (Fig. 2.3.1-2b). The magnetite is locally distributed in some part of the EET 
92048 matrix but very rare or not recognized in the other part, indicating a 
heterogeneous aqueous alteration process in the sub-mm scale in EET 92048. This is 
consistent with the observation for the paired meteorite EET 92042 (Harju et al., 2014). 
 S-XRD analysis was performed on small pieces (~100 – 250 µm) of 
representative matrices and DIs (M-L01-D01, M-L01-D02, and N-01-D01). The S-XRD 
patterns for the samples are shown in figure 2.3.1.1-2. Matrix of EET 92048 consists of 
olivine, pyroxene, kamacite, and hydrous minerals serpentine and tochilinite with minor 
magnetite and pyrrhotite. The clear diffraction peaks of hydrous minerals support the 
view that EET 92048 matrix is aqueously altered. Matrix of MIL 090657 consists of 
olivine, pyroxene, kamacite with a minor amount of magnetite and pyrrhotite. Trace 
diffraction peaks from serpentine and tochilinite-serpentine mix layers might be present 
in MIL 090657 matrix. The matrix of NWA 801 consists of olivine, pyroxene, kamacite, 
and calcite. The absence of hydrous minerals and magnetite suggests that aqueous 
processing in NWA 801 is very limited. Calcite is associated with aqueous alteration of 
CM and CI chondrites, but it is also observed in the pristine CR chondrites (Harju et al., 
2014). The olivine and pyroxene peaks of the three matrices are probably originated 
from chondrule fragments. 
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 Dark inclusions M-L01-D01 in MIL 090657 contains a chondrule fragment 
embedded in a fine-grained matrix. Silicate fragments in M-L01-D01 is significantly 
rare compared to the host matrix. Both chemical and mineral compositions are very 
similar to MIL 090657 matrix. Trace diffraction peaks of phyllosilicates and magnetite 
indicate very limited aqueous alteration for M-L01-D01. Overall characteristics suggest 
that this inclusion is originated in a similar environment to the host lithology of MIL 
090657. M-L01-D02 in MIL 090657 contains magnetite, serpentine, saponite, aragonite, 
siderite with minor olivine and pentlandite. Large abundances of magnetite, 
phyllosilicates, and carbonates indicate that M-L01-D02 is heavily altered. The mineral 
composition of M-L01-D02 is similar to CI chondrite or Tagish Lake (C2-ung) 
carbonate-poor lithology (Nozaki et al., 2006). M-L02-D01 and M-L02-D02 in MIL 
090657 contain abundant framboidal magnetite including very large crystal (~10 µm) in 
M-L2-D02 (Fig. 2.3.1-2h).  
 The chemical composition of the M-L02-D01 fine-grained materials is within the 
CR chondrite matrix region in the Fe-Si-Mg ternary diagram but relatively poor in Fe 
(Fig. 2.3.1.1-1). Besides the presence of abundant magnetite, the Fe-poor composition 
also indicates that M-L02-D01 is aqueously altered because there is a relationship 
between the degree of aqueous alteration and progressive decrease in Fe in CR matrix as 
a result of Fe removal from the fine-grained material by magnetite formation and 
release of Mg into the matrix from altered Mg-rich silicates in chondrules (Abreu et al., 
2016). Therefore, M-L01-D02, M-L02-D01 and M-L02-D02 are originated in 
environments that are distinct from that of the host because their degrees of aqueous 
alteration are obviously higher than that of the main lithology of MIL 090657. The 
chemical composition of the fine-grained region of N-01-D01 in NWA 801 is very 
different from NWA 801 matrix. The unique texture and the unique chemical 
composition indicate that N-01-D01 originates in an environment that is different from 
the host lithology of NWA 801.  
 
2.3.1.2 Petrologic subtypes 
 In order to evaluate the degrees of aqueous alteration for CR chondrites, Harju et 
al. (2014) proposed a classification scheme that divides CR chondrites into petrologic 
subtypes 2.0 – 3.0 (type 3.0 is unaltered) using their petrographic properties. Based on 
textural and mineralogical characteristics of EET 92048, MIL 090657 and NWA 801 
discussed above, I classified them using the classification scheme in Harju et al, (2014) 
as follows: type 2.7 for EET 92048, type 2.8 for MIL 090657, type 2.8 for NWA 801 
(Table 2.3.1.2). Harju et al. (2014) concluded that even the most pristine CR chondrites 
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in our collections should be classified as type 2.8, indicating that MIL 090657 is one of 
the least-altered CR chondrites. MIL 090657 is thus one of the best samples to study the 
primordial water-susceptive noble gas components, which is potentially lost by aqueous 
alteration in the parent body. This is also supported by the result of S-XRD analysis 
showing that the MIL 090657 matrix contains very minor or no hydrous minerals. The 
petrologic subtype of 2.7 for EET 92048 indicates that it had experienced limited but 
more processed aqueous alteration than MIL 090657. NWA 801 is a solar-gas-rich CR 
chondrite (Nakashima et al., 2009, Matsuda et al., 2009) that had been exposed to the 
surface environment (e.g. solar irradiation, dust bombardments) while the subtype of 2.8 
for NWA 801 indicates that it mostly avoided aqueous alteration. Therefore, EET 92048 
and NWA 801 are the best samples to examine the effects of week aqueous processing 
and surface environment, respectively, on the inventory of primordial noble gases in CR 
chondrites. 
 
2.3.1.3 MIL 090657 after hydrothermal alteration experiment 
 After the hydrothermal alteration experiment for 20 days, the powdered MIL 
090657 sample (M-L04AQ) became brownish (Fig. 2.3.1.3-1). Fig. 2.3.1.3-2 is a BSE 
image of a representative grain (M-L04AQ6) of the sample after the alteration 
experiment. Most Fe-Ni metals had been lost during the experiment and some voids are 
left at where metal grains probably had existed. White arrows in the BSE image point 
out iron oxide veins and shells produced during the experiment. Alteration of mafic 
phenocryst is not observed under SEM analysis. Mineral compositions of the other two 
grains (M-L04AQ1 and M-L04AQ3) were analyzed by the S-XRD method (Fig. 
2.3.1.3-3). M-L04AQ1 consists of maghemite, olivine, pyroxene with minor kamacite, 
serpentine, and saponite. M-L04AQ3 consists of maghemite, olivine, pyroxene, 
serpentine, hematite, and kamacite. Larger diffraction peaks of phyllosilicates from 
M-L04AQ3 than the matrix of natural MIL 090657 suggest the formation of 
phyllosilicates during the alteration experiment.  
 
2.3.1.4 CAIs 
 One CAI (N-01-CAI01; Fig. 2.3.1.4-1a) and one unique chondrule-CAI 
compound (N-01-chd05; Fig. 2.3.1.4-1b, c, d) are found in NWA 801. N-01-CAI01 is 
irregularly shaped, ~300 µm × ~150 µm in size, and mainly consists of melilite and 
spinel in the core and forsterite rim. These characteristics classify N-01-CAI01 to be a 
type A CAI (Brearley and Jones, 1998). Type A CAIs are commonly observed in CR 
chondrites (Krot et al., 2002a). The CAI portion of N-01-chd05 (Fig. 2.3.1.4-1b) 
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consists of anorthite (63.9 area%), spinel (25.6 area%), forsterite (5.0 area%), and 
low-Ca pyroxene (5.5 area%). The chondrule portion of N-01-chd05 (outside of the CAI 
portion) consists of forsterite (17.8 area%), low-Ca pyroxene (41.1 area%), anorthite 
(40.9 area%), Fe-Ni metal (0.2 area%), and high-Ca pyroxene (minor). The chemical 
compositions of the minerals above are summarized in Table 2.3.1.4a, b. The bulk 
chemical compositions for the CAI portion, the chondrule potion, and bulk N-01-chd05 
are estimated from the average chemical compositions and modal compositions of the 
minerals in each portion. Those bulk chemical compositions are plotted on the 
Ca2SiO4-Al2O3-Mg2SiO4 diagram (Fig. 2.3.1.4-2) after Ivanova et al. (2016) using the 
MetaRep software (France and Nicollet, 2010). The chemical composition of bulk 
N-01-chd05 and the chondrule potion are in the field of Al-rich chondrules. The CAI 
potion is between the fields of type C CAIs and Al-rich chondrules. Texturally, there is 
no obvious boundary between the CAI portion and the chondrule portion (Fig. 
2.3.1.4-1d). Previous studies have suggested that Al-rich chondrules had been formed 
by melting and crystallization of precursor mixtures composed of CAIs and 
ferromagnesian chondrules (Zhang et al., 2014, and references therein). The Al-rich 
chemical composition for the chondrule portion and the absence of boundary between 
the chondrule portion and the CAI portion suggest the history of N-01-chd05 as follows: 
(1) a CAI had been transported into the chondrule-forming region, where the CAI 
mixed with ferromagnesian materials (chondrule(s) and/or chondrule precursor 
materials); (2) the mixture was partly melted, probably by a heating event that relates to 
chondrule-forming events, and partly shared their chemical compositions; and (3) 
recrystallized N-01-chd05 accreted onto the CR chondrite parent body. Therefore, 
N-01-chd05 is probably an incompletely melted Al-rich chondrule. Similar Al-rich 
chondrules had also been reported in some CR chondrites (Krot et al., 2002b; 
Nagashima et al., 2008). 
 
2.3.2 µXCT slice image 
 µXCT slice images of one grain (N-m01) of crushed NWA 801 samples before 
noble gas analysis to understand its internal structure. Fig. 2.3.2 shows an optical image 
(left) and a representative µXCT slice image (right) of N-m01. A large chondrule grain 
is surrounded by a fine-grained matrix. 
 
2.3.3 Noble gases 
 The new noble gas data on three primitive CR chondrites EET 92048 (CR 2.7), 
MIL 090657 (CR 2.8) and NWA 801 (CR 2.8) are described in this section. The isotopic 
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compositions and the elemental abundance ratios of noble gas components used in this 
study are summarized in Tables 2.3.3-1 – 2.3.3-3. Concentrations of 4He, 20Ne, 36Ar, 
84Kr, and 132Xe and isotopic ratios of He, Ne, Ar, Kr, and Xe in the samples are given in 
Tables 2.3.3-4 – 2.3.3-12. In all samples, trapped noble gases are predominant for Kr 
and Xe, whereas cosmogenic and radiogenic gases are minor. Abundances of 84Kr and 
132Xe released at 800 °C step for M-L01 are not obtained due to analytical trouble. The 
following indices are for denoting noble gas components: C (cosmogenic), trap (trapped 
component) SW, (solar wind), FSW (fractionated solar wind) and air (Earth atmosphere). 




 Because of the large number of stable isotopes (nine), Xe is usually the best noble 
gas to resolve distinct noble gas components especially for primordial ones (Q and HL) 
as the Q and HL components often dominate chondritic Xe. The contribution of 
cosmogenic Xe is too low to detect from any samples because of the high abundances of 
primordial noble gases. Thus, any cosmogenic contribution to Xe data is ignored in this 
study. 
 130Xe/132Xe vs. 136Xe/132Xe Figures 2.3.3.1-1a, b, c show the Xe three-isotope 
diagrams for 130Xe/132Xe vs. 136Xe/132Xe. Fig. 2.3.3.1-1a shows Xe isotopic 
compositions of E-02 (EET 92048), M-L01 (MIL 090657) and N-03 (NWA 801) at 400 
– 1800 °C steps and totals of the stepwise heating analysis for E-02 and N-03. Adsorbed 
atmospheric Xe is only visible in the lower temperature steps for N-03. The contribution 
of the atmospheric Xe to the total 132Xe in N-03 is approximately 10%. Xe-Q is the 
dominant component in most steps and totals of all three samples, including the 
solar-gas-bearing N-03 (see 2.3.3.3 Neon). Xe-HL (nuclear component: r-, p- process) 
from presolar nanodiamonds (Ott, 2014) is most significantly observed at 800 °C steps 
of all samples. The data points for some steps and the total of E-02 are above the Q-HL 
mixing line, indicating that EET 92048 contains the Xe-S (nuclear component: 
s-process) component from presolar graphite and SiC (Ott, 2014). 
 Fig. 2.3.3.1-1b shows Xe isotopic compositions of MIL 090657 before (M-L04) 
and after (M-L04AQ) hydrothermal alteration experiment. Significant amounts of 
atmospheric Xe are observed at 400 – 1000 °C steps for M-L04 though that is not 
observed in M-L01 (both samples are MIL 090657). Adsorption of atmospheric Xe had 
probably occurred during crushing M-L04 with liquid nitrogen because a larger amount 
of Xe is adsorbed on meteorite at a lower temperature (Fanale and Canon, 1972). The 
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Xe isotopic composition of M-L04AQ is close to the Q-HL mixing line, indicating that 
most adsorbed atmospheric Xe had been lost during the hydrothermal experiment. 
Figure 2.3.3.1-1c shows Xe isotopic compositions of NWA 801 small grains (N-m01 – 
N-m30). The data distribute near N-03, suggesting the homogeneous distribution of 
carriers of Q and HL components in NWA 801 in the scale of sub-mg. And it is also 
suggested that atmospheric contribution is not significant in those small samples. 
Although NWA 801 is a solar-gas-rich meteorite (Nakashima et al., 2009; Matsuda et al., 
2009), a contribution of solar Xe is not significant in the NWA 801 samples (N-03 and 
N-m01 – N-m30; Figs. 2.3.3.1-1a, c). 
 Assuming that Xe in E-02 and M-L04AQ is two-component mixtures of Xe-Q 
and Xe-HL, 132Xe-HL contributions to 132Xe-Q+HL are 2.3% and 1.9% for EET 92048 
and MIL 090657. This is roughly consistent with other carbonaceous chondrites: 1.5% 
for Orgueil CI1 chondrite (Ott, 2014), 1.3% – 2.7% for Sutter’s Mill CM2 chondrite 
(Okazaki and Nagao, 2017), 1.8% – 3.6% for Leoville and Vigarano CV3 chondrites 
(Huss and Lewis, 1995) and 0.8% for Kainsaz CO3 chondrite (Huss and Lewis, 1995). 
Assuming that 130Xe, 132Xe, and 136Xe are a three-component mixture of Xe-Q, Xe-HL, 
and Xe-S, (0.4 ± 0.2)% of 132Xe in EET 92048 is from Xe-S, corresponding to 132X-S of 
(2.0 ± 1.0) × 10-11 ccSTP g-1 in EET 92048. This is much larger than 132X-S of (6.2 ± 
2.0) × 10-12 ccSTP g-1 in the CI chondrite Orgueil (132Xe abundance in etched residues 
calculated to the bulk meteorite) and in any other chondrites reported in Huss and Lewis 
(1995). 
 129Xe/132Xe vs. 130Xe/132Xe Figure 2.3.3.1-2 shows the Xe three-isotope diagram 
for 129Xe/132Xe vs. 130Xe/132Xe. Radiogenic 129Xe produced by the decay of short-lived 
radionuclide 129I (half-life: 15.7 Myr) is observed in E-02 (at 600 °C step and probably 
at 1800 °C step), N-03 (at 600 and 800 °C steps), and M-L01 (at 1800 °C step), 
indicating that they had never experienced severe 129Xe degassing event after the 
extinction of 129I. The Xe-S component is also detected in MIL 090657, as well as EET 
92048. The Xe-S in E-02 is most significant at the 1000 °C step. 
 Correction for atmospheric 132Xe adsorbed on M-L04 and M-L04AQ In order to 
evaluate the effect of hydrothermal alteration experiment on elemental abundances of 
primordial noble gases in MIL 090657, atmospheric 132Xe contributions on total 
amounts of 132Xe released from M-L04 and M-L04AQ are corrected by the following 
procedure. The original 130Xe, 132Xe, and 136Xe compositions of MIL 090657 are 
assumed to be a mixture of Xe-Q and Xe-HL components (thus on the mixing line of Q 
and HL in the 130Xe/132Xe vs. 136Xe/132Xe diagram). In this case, the measured Xe 
composition is a mixture of the primordial Xe in MIL 090657 and atmospheric Xe. 
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Then, the contributions of atmospheric Xe to the measured 132Xe concentrations are 
39% and 8.7% for M-L04 and M-L04AQ, respectively. 132Xecorr denotes a concentration 
of 132Xe corrected for the atmospheric Xe contribution. 
 
2.3.3.2 Krypton 
 A contribution of cosmogenic Kr to the measured Kr is negligibly low. The 
contributions of the cosmogenic components to the concentrations of 83Kr in all the 
samples are estimated to be less than 0.01% using a formula given in Eugster (1988), 
even smaller than the analytical uncertainty. Figure 2.3.3.2 shows the Kr three-isotope 
diagram for 82Kr/84Kr vs. 86Kr/84Kr. N-03, M-L04, and M-L04AQ are plotted slightly 
lower left than the typical value for the Q component but near the point for the Q 
component in a CM chondrite Cold Bokkeveld (Busemann et al., 2000). This indicates 
that those CR chondrites are dominated by Kr-Q. Contribution from Kr-S is only 
detected from E-02. This is consistent with the Xe isotopic ratios showing that the 
contribution from Xe-S is most significant in EET 92048. The Kr-S component is most 
significant at 1000 °C. This is also consistent with the Xe isotopic data of EET 92048. 
 
2.3.3.3 Neon 
 Because Ne has three stable isotopes (20Ne, 21Ne, and 22Ne), Ne is suitable for 
deconvolution of meteoritic noble gas components (e.g. trapped, cosmogenic) compared 
to other light noble gases He and Ar (40Ar is mostly dominated by radiogenic 
component from 40K decay). Because of its high abundance in the solar wind compared 
to heavier noble gases (Ar, Kr, and Xe), Ne is a sensitive indicator for the presence of 
solar wind noble gases in meteorites as well as He. 
 20Ne/22Ne vs. 21Ne/22Ne All the data of Ne isotope ratios are shown in the Ne 
three-isotope diagrams (Fig. 2.3.3.3-1a, b) with aqueously altered Renazzo (CR 2.4) 
(200 °C - 1600 °C with 100 °C intervals; Reynolds, 1964) for comparison. The Ne 
isotope ratios of stepwise heating analysis data for N-03 (NWA 801) shift from the solar 
wind composition (between SW and FSW) to the cosmogenic (GCR) composition range 
with increasing extraction temperatures, indicating that NWA 801 is a solar-gas-rich CR 
chondrite that had been exposed to solar wind on the surface of the parent body. For 
E-02 (EET 92048) and M-L01 (MIL 090657), the Ne isotopic ratios shift from 
primordial components (Q and HL) to the cosmogenic compositions. The Ne isotopic 
ratios at 800 °C - 1400 °C are the mixtures of HL and cosmogenic Ne. Any sign of the 
Ne-E component (nuclear component: s-process and r-process) from presolar graphite 
and SiC (Riebe et al., 2017) is not detected from bulk CR chondrites. The Ne isotopic 
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ratios for M-L04 significantly changed before (M-L04) and after (M-L04AQ) 
hydrothermal alteration experiment especially at 400 °C - 600 °C steps. The difference 
between M-L04 and M-L04AQ indicates that a trapped component released at lower 
temperature steps in MIL 090657 had been lost during the alteration experiment. The 
Ne isotopic ratios of M-L04AQ data are mostly distributed between the HL and 
cosmogenic components except for the data point at the 600 °C step. This may suggest 
the presence of the Ne-E component in MIL 090657.  
 The (20Ne/22Ne)C ratios of all the samples are assumed to be 0.8 (Eugster, 1988). A 
regression line of the Ne isotope data in high-temperature fractions (1400 °C – 1800 °C) 
yields the (21Ne/22Ne)C ratio of 0.817 ± 0.020 (1σ) for NWA 801. Regression lines of 
1200 °C - 1600 °C fractions yield the (21Ne/22Ne)C ratios of 0.903 ± 0.011, 0.760 ± 
0.008, and 0.752 ± 0.027 (all 1σ) for E-02, M-L01, and M-L04, respectively. A 
regression line of 1000 °C - 1600 °C fractions yield the (21Ne/22Ne)C ratio of 0.761 ± 
0.040 (1σ) for M-L04AQ. The variation in GCR 21Ne/22Ne ratios is mostly related to 
shielding depths, where samples with lower shielding have smaller 21Ne/22Ne ratios (e.g. 
Wieler, 2002). The lowest GCR 21Ne/22Ne ratios produced in CR chondrites are 
estimated to be 0.802 for 0 – 0.5 cm depth of 5 cm radius CR chondritic meteoroid 
using production rates for each target elements shown in Leya et al. (2000). For the 
calculation, the mean CR chondrite chemical composition (Kallemeyn et al., 1994) and 
the average chemical compositions of Renazzo, Al Rais, and Y-790112 (Weisberg et al., 
1993) for Si are adopted. The (21Ne/22Ne)C ratio in MIL 090657 (0.760 ± 0.008) is lower 
than the lowest value of GCR 21Ne/22Ne produced in CR chondrites. This suggests the 
presence of solar cosmic rays (SCR) induced cosmogenic Ne in MIL 090657 because 
the 21Ne/22Ne ratio of the SCR component is expected to be <0.65 (Garrison et al., 
1995). The lower energy of solar flare protons (~1 - 100 MeV) compared to GCR 
protons (>~0.1 GeV) (Caffee et al., 1988) leads to SCR nuclide production exclusively 
within a few cm of the exposed silicate surface (Garrison et al., 1995). MIL 090657 is 
thus probably located within a few cm of its parent meteoroid. Another possibility to 
produce the low cosmogenic 21Ne/22Ne ratio is a Na-rich chemical composition due to 
its efficient production of 22Ne. However, this is less likely because exceptionally high 
Na (>10 wt%) content (0.36 wt% for the mean CR chondrite; Kallemeyn et al., 1994) is 
required to reproduce the cosmogenic 21Ne/22Ne ratio in MIL 090657. 
 20Netrap and 
21NeC (concentration of cosmogenic 
21Ne) for bulk CR chondrites are 
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where (20Ne/22Ne)trap and (
20Ne/22Ne)trap are coordinates of the intersection of two 
straight lines in the 20Ne/22Ne vs. 21Ne/22Ne diagram. The first is a line through 
measured data and cosmogenic Ne. The second is a line through Ne-HL and Ne-air for 
E-02 and M-L01, and a line through Ne-SW and Ne-FSW for N-03. 
 Water-susceptive Q-like Ne The 20Ne release patterns for E-02, M-L04, M-L04AQ, 
and the aqueously altered CR chondrite Renazzo (Reynolds, 1964) are shown in figure 
2.3.3.3-2. E-02 and M-L04 have two release peaks at 400 °C and 1000 °C while 
M-L04AQ and Renazzo have single peaks at 1000 °C and 800 °C, respectively. Almost 
no 20Ne was released at 400 °C - 600 °C from M-L04AQ. This indicates that most 20Ne 
released at 400 °C - 600 °C steps from primitive CR chondrites EET 92048 (CR 2.7) 
and MIL 090657 (CR 2.8) was lost during hydrothermal alteration experiment at 150 °C 
for M-L04AQ. Assuming that all primordial 132Xe in MIL 090657 had never been lost 
during the experiment, the 20Ne fraction lost by the experiment is estimated from the 
difference in 20Ne/132Xecorr ratios between M-L04 and M-L04AQ to be 39.4 ± 7.9% of 
the 20Ne in MIL 090657. It is thus indicated that the host phase of the Ne component 
released at low-temperature fractions is water-susceptive material. The single 20Ne 
release peak at 800 °C for Renazzo (CR 2.4) suggests that this CR chondrite does not 
contain the water-susceptive Ne component, implying that this Ne component had been 
lost by the aqueous alteration process on the CR chondrite parent body. The 20Ne/22Ne 
isotopic compositions for the trapped Ne component released at 400 °C steps for EET 
92048 and MIL 090657 are estimated to be 10.09 ± 0.05 and 10.21 ± 0.06 (Fig. 
2.3.3.3-3) with an assumption that the measured isotopic ratios are mixtures of the 
cosmogenic components and trapped components with a 21Ne/22Ne ratio of 0.0294 ± 
0.0010 (typical value for Q component; Ott, 2014). The estimated (20Ne/22Ne)trap ratios 
are in the range of Ne-Q (10.11 – 10.67; Ott, 2014) within uncertainties. The presence 
of the Q-like Ne in the primitive CR chondrites EET 92048 and MIL 090657 also 
appears in elemental ratios as excesses of 20Ne in 20Netrap/
132Xe (= 60.0 ± 4.2) for E-02 
and 20Netrap/








 The 4He release patterns for E-02, M-L04, M-L04AQ, and Renazzo (Reynolds, 
1964) are shown in fig. 2.3.3.3-2. E-02 and M-L04 have two release peaks at 400 °C 
and 800°C - 1000 °C while M-L04AQ has a single peak at 800 °C. This indicates that 
most 4He released at a 400 °C step from primitive CR chondrites EET 92048 (CR 2.7) 
and MIL 090657 (CR 2.8) was lost during hydrothermal alteration experiment for 
M-L04AQ. This is similar to those observed in the 20Ne release patterns, suggesting that 
He is associated with the Q-like Ne in the water-susceptive host phase. Assuming that 
all primordial 132Xe in MIL 090657 had never been lost during the experiment, the 4He 
fraction lost by the experiment is estimated from the difference in 4He/132Xecorr ratios 
between M-L04 and M-L04AQ to be 28.4 ± 8.7% of the 4He in MIL 090657. The 
4He/20Ne ratio of the noble gases removed during the experiment is calculated to be 136 
± 50. The 3He/4He isotopic ratios of (7.95 ± 0.03) × 10-4 and (5.21 ± 0.03) × 10-4 at the 
400 °C steps for E-02 and M-L01, respectively, are larger than any trapped components 
(Table. 2.3.3-1), indicating the presence of cosmogenic He that has high 3He/4He ratio 
(~0.2; Wieler, 2002). Therefore, it is difficult to obtain a 3He/4He ratio of the He 
released from the water-susceptive material. However, the 3He/4He isotopic ratio of 
(2.50 ± 0.03) × 10-4 at the 400 °C step for M-L04 (Fig. 2.3.3.4) is smaller than the solar 
wind values (Heber et al., 2009), suggesting that the He released from the 
water-susceptive material is not originated from implantation of the solar wind. 
Although radiogenic 4He from the decays of U and Th may decrease the 3He/4He ratio, 
the larger 3He/4He ratio of (50.85 ± 0.59) × 10-4 at the 400 °C step for M-L04AQ 
(hydrothermally treated MIL 090657) than that for M-L04 indicates that the 
contribution of radiogenic 4He is negligible but suggests a cosmogenic contribution, that 
increases the 3He/4He ratio, to the He released at the 400 °C step for M-L04. Therefore, 
the 3He/4He isotopic ratio of (2.50 ± 0.03) × 10-4 at the 400 °C step for M-L04 is an 
upper limit for the water-susceptive He component associated with the Q-like Ne.  
 
2.3.3.5 36Ar/132Xe versus 84Kr/132Xe elemental ratios 
 Assuming (38Ar/36Ar)trap of 0.188 (Ozima and Podosek, 2002) and (
38Ar/36Ar)C of 
1.54 (Wieler, 2002), 36ArC contributions to 
36Ar are estimated to be less than 0.4% for 
all the samples (totals of stepwise heating analysis). Figure 2.3.3.5 shows a diagram for 
the 36Ar/132Xe vs. 84Kr/132Xe ratios for stepwise heating analysis to compare element 
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compositions in the samples. 36ArC contributions to 
36Ar are less than 6% for all the data 
in the figure 2.3.3.5 except for a contribution of 20% at 1800 °C step for M-L04. Thus, 
the element ratios in the figure 2.3.3.5 are almost identical to the ratios for the trapped 
noble gas components in the samples. A sample of primitive CR chondrite (CR 2.7) 
E-02 (EET 92048) shows much higher Ar/Xe and Kr/Xe compositions compared to the 
Q and the HL components, which dominate Xe in EET 92048 and other CR chondrites 
(Fig. 2.3.3.1-1), unlike the Q-like elemental composition of the aqueously altered CR 
chondrite Renazzo (CR 2.4). This indicates that EET 92048 contains the Ar-rich noble 
gas component and this might have been lost from Renazzo by aqueous alteration 
process in the CR chondrite parent body. The elemental ratios for M-L04 are largely 
affected by the adsorbed atmosphere. The contributions of adsorbed atmospheric 132Xe 
to 132Xe in M-L04 and M-L04AQ are estimated to be 39% and 8.7%, respectively, in the 
previous section. The 36Ar/132Xecorr (
132Xe corrected for the adsorbed atmosphere) ratios 
for M-L04 and M-L04AQ are calculated to be 348 ± 28 and 380 ± 30, respectively, 
which are consistent within uncertainties. This indicates that the Ar-rich component in 
MIL 090657 had never been removed by the hydrothermal alteration experiment. 
Similar release patterns for 36Ar (Fig. 2.3.3.3-2) between M-L04 and M-L04AQ also 
support this idea. The elemental ratios at each step and the total of stepwise heating data 
for M-L04AQ are similar to those for E-02, suggesting the presence of similar Ar-rich 
components in both EET 92048 and MIL 090657. The elemental ratios for E-02 and 
M-L04AQ are plotted near the mixing line between the Q and the subsolar components 
unlike the carbonaceous chondrite Ningqiang and a dark inclusion (DI) in Ningqiang, 
that are plotted between Q and the estimated “Ar-rich gas” component in the DI 
(Nakamura et al., 2003a). This suggests that the elemental composition of the Ar-rich 
component in EET 92048 and MIL 090657 are different from the “Ar-rich gas” but 
might be similar to the subsolar component. The 36Ar/132Xe ratio for N-03 (NWA 801) is 
much larger than other samples. This is consistent with Ne isotopic ratios for N-03 that 
indicates that NWA 801 is a solar-gas-rich CR chondrite.  
 
2.3.3.6 Trapped noble gas components in NWA 801 
 Almost unfractionated solar wind in NWA 801 Ilmenite is the most retentive 
mineral for implanted solar wind noble gases in lunar regolith fine materials (Benkert et 
al., 1993). The ilmenite grains separated from Apollo 11 regolith fine materials 10084 
contain noble gases with higher 20Ne/36Ar ratios (26 - 34) than that in the bulk 10084 (6 
- 7) (Eberhardt et al., 1970). Acfer 111 is a solar-gas-rich H chondrite that contains 
uniquely unfractionated solar wind noble gases except for a small deficit of 4He 
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(Pedroni and Begemann, 1994). The 20Ne/36Ar ratios in Acfer 111 (41 - 42) are 
equivalent to that of the solar wind (42 ± 0.3) collected by the Genesis spacecraft 
(Heber et al., 2009). Figure 2.3.3.6-1 shows concentrations of 4He vs. 4He/20Ne ratios 
for NWA 801 small grains (N-m01 – N-m30) and bulk sample (N-03). The considerably 
higher concentrations of 4He and 20Ne in the NWA 801 samples than those in the 
non-SW-bearing CR chondrites (>115 times for 4He and >50 times for 20Ne) indicate 
that they are dominated by solar wind noble gases. The 4He/20Ne ratios in the bulk 
sample (458 ± 65) and in more than half of the small grain samples (460 - 603) are 
much larger than those in lunar ilmenite grains (208 - 225; Eberhardt et al., 1970) and 
slightly lower than in Acfer 111 (571 - 612; Pedroni and Begemann, 1994). This 
suggests that the solar wind noble gases in NWA 801 are almost unfractionated except 
for He. Some small grains with lower 4He concentrations have lower 4He/20Ne ratios. 
This indicates that 4He/20Ne is heterogeneously fractionated in the sub-mm scale. A 
possible process for such local 4He losses is diffusional escape by local flash heating (i.e. 
micrometeorite bombardments) on the surface regolith on the parent body. The samples 
with 4He/20Ne >450 are used for further discussions for NWA 801 small grains and I 
assumed that the solar noble gases in the samples are not fractionated from the solar 
wind composition except for He. 
 Primordial noble gases in NWA 801 Figure 2.3.3.6-2 is a diagram for 20Ne/36Ar vs. 
132Xe/36Ar for the NWA 801 small grains (N-m01 – N-m30) and the bulk sample (N-03). 
Some primitive carbonaceous chondrites (solar-gas free) are also plotted for 
comparisons. The 132Xe/36Ar ratios for the primitive carbonaceous chondrites are small 
due to the presence of the Ar-rich components besides other primordial noble gas 
components (e.g. Q, HL). Those solar-gas free chondrites are plotted near the x-axis 
because their 36Ar compositions are dominated by the Q and the Ar-rich components 
which have very low 20Ne/36Ar ratios. The tie line between the SW (solar wind) and 
N-03 (NWA 801 bulk sample) is shown in the diagram. Assuming that the (20Ne/36Ar)SW 
ratios in the NWA 801 samples are not fractionated from the solar wind composition, 
the noble gas compositions of the primordial noble gases in the NWA 801 samples are 
near the intersection of the x-axis and straight lines through the SW and the NWA 801 
samples. The 132Xe/36Ar ratio of the primordial noble gases in NWA 801 is thus similar 
to that of the primitive CR chondrite EET 92048, indicating that NWA 801 also contains 
the Ar-rich component.  
 20NeSW vs. 
21NeC A surface of a meteorite parent body is continuously exposed to 
solar wind, solar cosmic rays (SCRs) and galactic cosmic rays (GCRs). The typical ion 
energies are ~1 keV/nucleon, 1 - 100 MeV/nucleon and ≥0.1 GeV/nucleon, respectively 
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(Caffee et al., 1988). Solar wind particles, including noble gases, are implanted within 
~1 µm of the surface of the exposed materials (Grimberg et al., 2008). SCRs and GCRs 
penetrate a few centimeters and a few meters from the surface (Walker, 1980), 
respectively, and produce cosmogenic noble gases in the exposed materials via 
spallation reactions. Positive correlations for the concentrations of cosmogenic noble 
gases and solar wind noble gases are observed for small samples extracted from 
fine-grained portions of individual solar-gas-bearing meteorites (Wieler et al., 1989; 
Nakashima et al., 2002, 2006; Obase et al., 2020). The correlations are interpreted as a 
result of mixing between the SW-irradiated and -unirradiated fine particles in various 
proportions (e.g., Wieler et al., 1989; Nakashima et al., 2006). Heliocentric distances of 
the meteorite parent bodies had been estimated using the correlations between the 
concentrations of cosmogenic noble gases and solar wind noble gases (e.g., Wieler et al., 
1989; Nakashima et al., 2006; Obase et al., 2020).  
 Nakashima et al. (2009) found similar correlations in the fine-grained matrices in 
NWA 801 and paired meteorite NWA 852. Figure 2.3.3.6-3 shows a 21NeC - 
20NeSW 
diagram for the small grain samples (N-m01 – N-m30) of NWA 801 (all 20Netrap is 
assumed to be solar wind origin). The 21NeC and 
20NeSW concentrations are not 
correlated, unlike the previous study. Nakashima et al. (2006) suggested that 
incorporation of “irradiated fragments”, that had been exposed to cosmic rays on the 
surface of the meteorite parent body, into the small samples disturb the correlation 
because the 20NeSW/
21NeC ratios in the irradiated fragments are very small compared to 
the irradiated fine particles due to small surface/volume ratio. The µXCT slice image of 
N-m01 (Fig. 2.3.2) shows that the N-m01, a small grain sample extracted from NWA 
801, contains a large chondrule fragment. This suggests that the other small grains for 
the noble gas analysis also contain some chondrule fragments besides fine-grained 
matrices. It is suggested that some chondrules in NWA 801 are irradiated to the cosmic 
rays on the surface of the parent body and contain comparable amounts of 21NeC to the 
irradiated fine-grained matrix (Matsuda et al., 2009). Therefore, no correlation in the 
small grain samples of NWA 801 is probably because of the incorporation of irradiated 
chondrule fragments in the small grains. In order to obtain a correlation for the 
concentrations of 21NeC and 
20NeSW in the fine-grained matrices in NWA 801, large 
chondrule fragments must be removed before noble gas analysis. 
 
2.4 Discussion 
2.4.1 Primordial noble gases in primitive CR chondrites 
 Noble gas analysis for primitive CR chondrites EET 92048 (CR 2.7) and MIL 
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090657 (CR 2.8) revealed that they are free from solar wind noble gases. Figure 2.4.1 
shows the 20Netrap/
132Xe vs. 36Artrap/
132Xe diagram for noble gas compositions of E-02 
(EET 92048), M-L04 (MIL 090657), M-L04AQ (MIL 090657 after hydrothermal 





 values are used for M-L04 and M-L04AQ. For 
deconvolution of Ne in the meteorites from literature, (20Ne/22Ne)C, (
21Ne/22Ne)C, and 
(21Ne/22Ne)trap ratios are assumed to be 0.8, 0.9 (average chondritic value; Eugster, 
1988), and 0.03 (typical value for trapped Ne components), respectively. For 
deconvolution of Ar, (38Ar/36Ar)C and (
38Ar/36Ar)trap ratios are assumed to be 1.538 
(Wieler, 2002) and 0.188 (Ozima and Podosek, 2002), respectively. 
 Xe isotopic ratios for EET 92048 and MIL 090657 revealed that the main 
components of Xe in those meteorites are Q and HL (see 2.3.3.1 Xenon). If the 
primordial noble gases in a meteorite are pure mixtures of the Q and the HL components, 
the meteorite is plotted between Q and HL in the diagram (Fig. 2.4.1). The high 
36Ar/132Xe ratios for E-02 and M-L04 indicate the presence of the Ar-rich component in 
EET 92048 and MIL 090657. The Ar-rich component in MIL 090657 was not removed 
by the hydrothermal alteration experiment, suggesting that the host material of the 
Ar-rich component survived the experiment, unlike the Ar-rich noble gas in the 
carbonaceous chondrite Ningqiang (Yamamoto et al., 2006). The Ne isotopic ratios and 
the release patterns of 20Ne for E-02, M-L01, M-L04, and M-L04AQ show that the 
Q-like Ne component that degasses at low (400 °C - 600 °C) temperature is removed by 
the experiment. This indicates the host material for the Q-like Ne is very susceptible to 
aqueous alteration. The He component with an upper limit of 3He/4He ratio of (2.50 ± 
0.03) × 10-4 that had also been removed by the experiment associates with the Q-like Ne. 
The different reactions for the Ar-rich component and the Q-like Ne component to the 
hydrothermal alteration experiment suggest that their host materials are different. 
Krietsch et al. (2019) performed the “closed system step etching” (CSSE) noble gas 
analysis on MIL 090657 in five separate etch runs. Water, acetic acid, HNO3, HF, and 
HCl are used as “etching agent” for noble gas extraction. Large amounts of Ne and He 
were released by the H2O treatment of MIL 090657 but almost no release of 
36Ar was 
observed. The amounts of 20Ne and 4He released by the H2O treatment (~35% and 
~25%, respectively) are consistent with the amounts of 20Ne and 4He removed by the 
hydrothermal alteration experiment in this study (39.4 ± 7.9% and 28.4 ± 8.7% of bulk 
MIL 090657, respectively). The isotopic composition of the released Ne by the H2O 
treatment is in the range of Ne-Q (Krietsch et al., 2019) as well as the Q-like Ne 
observed in this study. All the characteristics of the released noble gases by the H2O 
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treatment are consistent with the Q-like Ne component (and the associated He 
component) released at low temperature and the Ar-rich component in this study. Both 
the Ar-rich component and the Q-like Ne component are not observed in Renazzo (CR 
2.4) that experienced a larger degree of aqueous alteration than EET 92048 and MIL 
090657. This indicates that both the Q-like Ne and the Ar-rich components had been 
lost by the aqueous alteration event on the CR chondrite parent body. 
 
2.4.1.1 Carrier of Q-like Ne 
 Important characteristics of the Q-like Ne component are: (1) isotope ratios are 
within the range of Q-Ne, (2) lost by the hydrothermal alteration experiment at 150 °C, 
(3) degases at lower temperature (400 °C - 600 °C), and (4) associated with abundant 
He (4He/20Ne = 136 ± 50) that is isotopically distinct from solar wind (3He/4He <2.5 × 
10-4). The Q component hosted by “Phase Q”, a carbonaceous phase that is concentrated 
in the insoluble residue in HF and HCl acids (Ott, 2014), is depleted in light noble gases 
and degassing at higher temperatures (mainly at >1000 °C) (Huss et al., 1996). These 
characteristics are different from the Q-like Ne component in primitive CR chondrites. 
Phase Q is thus not a host material of the Q-like Ne. A hint for the host material is that 
the Q-like Ne had lost by the hydrothermal alteration experiment. Almost all the Fe-Ni 
metals were destructed by the experiment (Fig. 2.3.1.4-2). However, the high retentivity 
of meteoritic metal for He and Ne (Nyquist et al., 1972) is not consistent with the 
degassing of the Q-like Ne at lower temperatures. Soluble organic matters (SOMs) were 
probably dissolved into the hot water during the experiment although there is no study 
that reports a relationship between noble gas and chondritic SOMs. Amorphous silicates 
in the matrix of M-L04 might also have been partly or fully destructed because of the 
production of phyllosilicates, which is produced by replacement of amorphous silicates 
(Abreu, 2016), was observed in M-L04AQ.  
 Recently, highly concentrated Ne (0.0065 ± 0.0016 ccSTP g-1) that is isotopically 
Q is found in an amorphous refractory interplanetary dust particle (IDP) “Manchanito” 
(Ogliore et al., 2020). The 20Ne in “Manchanito” mostly released at 400 °C - 600 °C. 
Those characteristics are consistent with the Q-like Ne in primitive CR chondrites. The 
significantly lower 4He/20Ne in “Manchanito” (5.79 ± 0.25) than the 4He/20Ne ratio 
released by the hydration on M-L04 (136 ± 50) is probably because large He losses 
from Manchanito before the analysis as suggested in Ogliore et al. (2020). Therefore, 
the Manchanito-like amorphous silicate is the most promising candidate for the carrier 
of the Q-like Ne component in primitive CR chondrites. If the Manchanito-like 
amorphous silicate carries the Q-like Ne in MIL 090657, its abundance is estimated to 
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be 25 ± 8 ppm using the concentration of 20Ne in Manchanito. This suggests that the 
carrier of Q-like Ne is a minor phase in the primitive CR chondrites. From the presence 
of Q-like Ne in CR chondrite that is similar to Manchanito, I propose that CR chondritic 
parent body as a candidate of the origin of Manchanito besides a comet as suggested by 
Ogliore et al. (2020). 
 
2.4.1.2 Comparison with other primitive chondrites 
 The 20Netrap/
132Xe and 36Artrap/
132Xe elemental ratios of various primitive 
chondrites from literature data show that some of them contain Ar-rich components (Fig. 
2.4.1). The uncertainties for the elemental ratios are less than 13%. Here I discuss 
relationships between the elemental ratios and meteorite groups. 
 All CI and CM chondrites, Tagish Lake (C-ung), and two CR chondrites Al Rais 
(CR 2.3) and Renazzo (CR 2.4) are plotted near the mixing line between Q and HL or 
the mixing line between Q and SW. Those chondrites have aqueously altered 
characteristics (Weisberg et al., 2006). The absence of the Ar-rich component and the 
Q-like Ne component suggests that these chondrites lost the water-susceptive 
components during the aqueous alteration events. Otherwise, the host materials of those 
components did not associate with the accreted materials on the parent bodies. At least, 
presences of the Ar-rich component and the Q-like Ne component in the less altered CR 
chondrites indicate that those water-susceptive noble gas components had been lost by 
the aqueous alteration event on the CR chondrite parent body.  
 Some reduced CV chondrites (CVred) contain the Ar-rich component while other 
CV chondrites are plotted between Q-HL or Q-SW. This suggests that the removal of 
the Ar-rich component by the aqueous alteration events occurred on the CV chondrite 
parent body. CO chondrites, a carbonaceous chondrite Ninqiang (C3-ung) and an LL 
chondrite Semarkona (LL 3.00) also have excesses in 36Artrap/
132Xe ratios, indicating 
that they also contain the Ar-rich component. Assuming that the primordial noble gases 
in CV, CO, Ningqiang, and Semarkona are mixtures of Q and HL, the range of 
132Xe-HL contributions to 132Xe-Q+HL (1.1% - 4.2%) yields the 20Ne/132Xe of 9 – 23 
using 20Ne/132Xe ratios of 3.2 and 485 (Ott, 2014), respectively. This is similar to the 
20Netrap/
132Xe ratios in the CV chondrites, the CO chondrites, Ningqiang, and 
Semarkona (Fig. 2.4.1), suggesting that they do not contain the Q-like Ne component 
that found in CR chondrites. 
 Dominion Range (DOM) 08006 (CO 3.00) is considered to be the most pristine 
CO chondrite based on several indicators (Davidson et al., 2019). This means that DOM 
08006 had avoided both severe aqueous alteration and high-temperature metamorphism 
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that may remove Q-like Ne. The absence of Q-like Ne in the most pristine CO chondrite 
DOM 08006 suggests that the host materials of the Q-like Ne were not associated with 
the accreted materials on the CO chondrite parent body, implying heterogeneous 
distribution of the Q-like Ne in the early Solar System. This may be consistent with the 
idea that CR and CO chondrite parent bodies accreted at different regions (Van Kooten 
et al., 2016; Budde et al., 2018) or different timings (Budde et al., 2018). Otherwise, the 
Q-like Ne had been lost by mild heating on the CO chondrite parent body, which is 
probably ~200 °C for the least-metamorphosed CO3 chondrites (Huss et al., 2006, and 
references therein). Unlike the Q-like Ne, the Ar-rich component is commonly present 
in primitive chondrites. This suggests that the Ar-rich component had been widely 
distributed in the early Solar System and accreted onto the various chondrite parent 
bodies. 
 
2.4.1.3 Implication to the forming-region of the CR chondrite parent body 
 Q-type Ne isotopic distributions are also observed in five Stardust aerogel 
samples extracted from the Wild 2 comet coma collection tray (Marty et al, 2008; Palma 
et al., 2019) although the Q-like Ne in the Stardust samples released at high temperature 
(~1250 °C; Marty et al., 2008), which is different from those in the CR chondrites and 
the IDP “Manchanito” (~400 °C – 600 °C; Ogliore et al., 2020). Giant cluster IDPs are 
possibly derived from comets (e.g., Joswiak et al., 2017). Based on Manchanito's noble 
gas signatures, its association with a fragile cluster IDP, and relatively late formation 
that is consistent with other cometary objects, Ogliore et al. (2020) concluded that its 
most likely parent body is a comet. Manchanito had probably acquired the Q-like Ne 
(and He) via implantation of Q-like ions near the young Sun or diffusive ingassing from 
ambient Q-like nebular gas and was likely transported to the comet-forming region in 
the outer Solar System (Ogliore et al., 2020). If the carriers of Q-like Ne in the primitive 
CR chondrites are the Manchanito-like materials, those materials might have also been 
transported to the forming region of the CR chondrite parent body as well as the 
comet-forming region in the outer Solar System. The scarcity of Q-like Ne in DOM 
08006 (CO3.00), unlike the pristine CR chondrites, may indicate that the CR chondrite 
parent body accreted closer to the comet-forming region than the CO chondrite parent 
body. This is consistent with the idea that CR chondrites accreted at the larger 
heliocentric distance than CO chondrites inferred from isotopic studies (Van Kooten et 
al., 2016; Budde et al., 2018) and model prediction (Desch et al., 2018). Similarly, a 
very carbon-rich clast with highly primitive characteristics, which may represent a 
cometary building block, is found in the matrix of a CR2 chondrite LaPaz Icefield 
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(LAP) 02342 (Nittler et al., 2019). It is also worth mentioning that CR chondrites are 
characterized by high σ15N of ~150‰ (Prombo and Clayton, 1993, and references 
therein). The enrichment of heavy nitrogen in CR chondrites is thought to reflect 
incorporation of 15N-rich components produced in the cold, outer regions of the 
protoplanetary disk, implying that their parent bodies formed at a greater heliocentric 
distance than those of most other meteorites (Füri and Marty, 2015; Budde et al., 2018). 
 
2.4.2 Cosmic-ray exposure ages 
 Interactions between meteoritic materials and galactic/solar cosmic rays produce 
cosmogenic noble gases via spallation and neutron-capture reactions. Such reactions 
mainly occur in space after ejection from the parent body as a meter-sized meteoroid. 
The interaction is also possible near the surface layer of the parent body simultaneously 
with solar wind irradiation (Meier et al., 2014; Obase et al., 2020). In this case, the 
meteorite usually contains abundant solar wind noble gases. Neon is useful to calculate 
the cosmic-ray exposure (CRE) age because of its relatively high production rate and 
small mobility in chondritic materials (Okazaki and Nagao, 2017). Cosmic-ray exposure 
ages (T21) of EET 92048, MIL 090657, and NWA 801 are obtained from the 
21NeC (= 
2.01 ± 0.09, 1.08 ± 0.05 and 7.17 ± 0.34 10-8 cm3STP g-1 for E-02, M-L01 and N-03, 
respectively) and 21NeC production rates P21 (= 3.10 ± 0.09, 1.58 ± 0.05 and 2.01 ± 0.06 
10-9 cm3STP g-1 Ma-1 for E-02, M-L01 and N-03, respectively). P21 values are calculated 
from the equation given in Eugster (1988) for L chondrites adjusted to an average CR 
chondrite chemical composition. The mean CR chondrite chemical composition 
(Kallemeyn et al., 1994) and average Si compositions of Renazzo, Al Rais, and 
Y-790112 (Weisberg et al., 1993) are adopted for the calculation. Then, FCR for P21, 
which is the production rate ratio for 21NeC between CR chondrite and L chondrite, is 
calculated to be 0.91. For shielding corrections, we adopted (22Ne/21Ne)C ratios of 1.11, 
1.32 and 1.22 for E-02, M-L01, and N-03, respectively (see 2.3.3.3 Neon). 
 The T21 for EET 92048, MIL 090657 and NWA 801 are calculated to be 6.5 ± 0.4 
Ma, 6.8 ± 0.4 Ma, and 35.7 ± 2.0 Ma, respectively. The T21 values for EET 92048 and 
MIL 090657 are consistent with most CR chondrites that cluster around ~5 - 7 Ma 
(Busemann et al., 2016). This may imply that EET 93048 and MIL 090657 was derived 
from their parent body by a single impact event that ejected most CR chondrites. The 
T21 for NWA 801 is an upper limit for the CRE age after ejection from the parent body 
(space exposure age) because the solar-gas-rich composition indicates that NWA 801 
had also been irradiated to cosmic-rays on the parent body regolith. This is consistent 
with the previous estimation for the space exposure age (~9 Ma) for NWA 801 and a 
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paired CR chondrite NWA 852 (Nakashima et al., 2009). 
 
2.4.3 Post accretion processes on CR chondrite parent body 
 The post accretion processes for EET 92048 (CR 2.7), MIL 090657 (CR 2.8) and 
NWA 801 (CR 2.8) are discussed in this subsection based on mineralogy, petrology, and 
noble gas compositions of the CR chondrites. Smooth rims, that are probably products 
of aqueous alteration (Harju et al., 2014), were observed on peripheries of some 
chondrules in EET 92048, MIL 090657, and NWA 801. After accretion of the chondritic 
materials with host materials of the Ar-rich component and the Q-like Ne component 
onto the CR chondrite parent body, weak interactions between water and accreted 
materials formed smooth rims on some chondrules. Hydrous minerals (phyllosilicate 
and tochilinite) and magnetite were found in the matrix of EET 92048, indicating that 
the aqueous alteration event also formed the hydrous minerals and the magnetite in EET 
92048. In spite of that, the Q-like Ne component and the Ar-rich component are present 
in both MIL 090657 and EET 92048. This indicates that both highly water-susceptive 
materials that host the Q-like Ne component and the moderately water-susceptive 
materials that host the Ar-rich component had survived the weak and moderately weak 
aqueous alteration events for MIL 090657 and EET 92048, respectively. On the other 
hand, both the Q-like Ne and the Ar-rich components are not present in Renazzo (CR 
2.4), indicating that the more intense aqueous alteration for Renazzo destructed those 
water-susceptive materials.  
 MIL 090657 and NWA 801 contain abundant chondrule fragments in their 
matrices. Both CR chondrites also contain some dark inclusions with highly altered 
characteristics although the hosts are almost free from aqueous alteration. Following the 
discussions for MIL 07525 (CR 2.8) by Harju et al. (2014), I conclude that both MIL 
090657 and NWA 801 are breccias because of the clastic features and the presence of 
dark inclusions that are originated from different environments. In spite of its brecciated 
characteristic, MIL 090657 does not have any hints for the presence of solar wind noble 
gas. Trapping of solar ions onto accreting material requires the nebular gas to have been 
cleared off because the nebula would have been opaque to solar wind (Marty, 2012). 
This suggests that the timing of brecciation and incorporation of the dark inclusions into 
MIL 090657 was before the dissipation of the nebular gas. On the other hand, the 
solar-gas-rich CR chondrite NWA 801 had brecciated after the nebular gas dissipation 





Concentrations and isotopic ratios of all the noble gases in the primitive 
Renazzo-type (CR) chondrites Elephant Moraine (EET) 92048, Miller Range (MIL) 
090657, Northwest Africa (NWA) 801, and hydrothermally treated MIL 090657 were 
obtained in this study. The CR chondrites are classified as petrological type-2.7 for EET 
92048, type-2.8 for MIL 090657, and type-2.8 for NWA 801 based on a petrographic 
classification scheme, indicating minimal aqueous alteration. The important findings in 
this study are as follows. 
1. NWA 801 contains abundant solar noble gases while EET 92048 and MIL 
090657 are solar-gas-free. Major primordial noble gas components in the solar-gas-free 
EET 92048 and MIL 090657 are Q, HL, Ar-rich, and the water-susceptive He and Ne 
component. NWA 801 also contains Ar-rich gas as well as solar wind noble gases. 
2. The water-susceptive component was lost during the aqueous alteration 
experiment. In terms of the Q-like isotopic compositions for Ne and low release 
temperatures (400 ºC – 600 ºC), the water-susceptive component is similar to that 
observed in a refractory amorphous interplanetary dust particle (IDP) that may be of 
cometary origin. This suggests that similar materials that host Q-like gases accreted on 
both the CR chondrite parent body and comets, and CR chondrites may have formed at 
a greater heliocentric distance.  
3. The Ar-rich component and the Q-like Ne component are not present in the 
aqueously altered CR chondrite Renazzo. This indicates that both components had been 
lost by the aqueous alteration process in the CR chondrite parent body. 
4. The cosmic-ray exposure ages for the solar-gas-free EET 92048 and MIL 
090657 are estimated to be 6.5 ± 0.4 Ma and 6.8 ± 0.4 Ma, respectively, consistent with 
most CR chondrites that cluster around ~5 - 7 Ma. The cosmic-ray exposure age for the 
solar-gas-rich NWA 801 is estimated to be 35.7 ± 2.0 Ma. The large exposure age is 
probably due to cosmic-ray exposure on the parent body regolith prior to the exposure 
in interplanetary space after ejection from the parent body. 
 In this study, removal of the water-susceptive He and Ne component during the 
aqueous alteration experiment was found. This component is similar to the noble gases 
in an amorphous IDP “Manchanito” (Ogliore et al., 2020) although the host material of 
this component is not well-constrained. This is mainly because it is poorly understood 
that how had the amorphous silicate, which is the most promising host material, been 
affected by the experiment. Transmission electron microscope (TEM) analysis for the 
samples before and after the aqueous alteration experiment might be the best approach 











Fig. 2.3.1-1 Mosaic back scattered electron images of CR chondrite thick sections. (a), (b) EET 
92048. (c), (d), (e) MIL 090657. (f), (g) NWA 801. Red arrows indicate matrix areas where the 







Fig. 2.3.1-2 Back scattered electron images of CR chondrites. (a) A mosaic image of EET 92048. 
Chondrule fragments are rare in the matrix. (b) Framboidal magnetite embedded in the fine-grained 
matrix in EET 92048. (c), (d), (e), (g) Dark inclusions embedded in the fine-grained matrices in MIL 
090657. Chondrule fragments are abundant in the matrices. (f) Framboidal magnetite in a dark 
inclusion M-L02-D01 in MIL 090657. (h) Framboidal magnetite in a dark inclusion M-L02-D02 in 
MIL 090657. (i) A typical matrix are in NWA 801. Chondrule fragments are abundant in the matrix. 
The darker areas around light-colored Fe-Ni metals are due to a contrast enhancement process. (j) A 
dark inclusion N-01-D01 embedded in the fine-grained matrix in NWA 801. (k) A smooth rim on a 






Fig. 2.3.1.1-1 A Fe-SiO2-MgO ternary diagram. The average compositions of fine-grained materials 
in CR chondrite matrices (circles) and in dark inclusions (triangles) are plotted. Each area are typical 
compositions for CI chondrite matrices (Tomeoka et al. 1988), CM chondrite matrices (McSween 
1987), matrices of Tagish Lake (TL) carbonate-rich lithology (Zolensky et al. 2002, Nakamura et al. 
2003b), and matrices of Tagish Lake carbonate-poor lithology (Zolensly et al. 2002). The 
fine-grained materials in matrices of EET 92048, MIL 090657, NWA 801, M-L01-D01, and 


































































































Fig. 2.3.1.1-2 Synchrotron X-ray diffraction patterns of matrices of CR chondrites (EET 92048, MIL 
090657, and NWA 801) and two dark inclusions in MIL 090657. O: olivine, Px: low-Ca pyroxene, 
Kam: kamacite, Mgt: magnetite, S: serpentine, Sap: saponite, T: tochilinite, M: tochilinite-serpentine 




























































Fig. 2.3.1.3-1 Optical images of a powdered M-L04 sample (MIL 090657) with deionized water in a 
Teflon vessel before (a) and after (b) the hydrothermal alteration experiment for 20 days at 150 °C. 
The internal diameter of the vessel is 4 cm. 
 
 
Fig. 2.3.1.3-2 Backscattered electron image of a grain of MIL 090657 after the hydrothermal 
alteration experiment. White arrows point out iron oxides. Most Fe-Ni metals were lost, and 







Fig. 2.3.1.3-3 Synchrotron X-ray diffraction patterns of MIL 090657 grains after the hydrothermal 
alteration experiment. O: olivine, Px: low-Ca pyroxene, Kam: kamacite, Mgh: maghemite, Hem: 




















































Fig. 2.3.1.4-1 (a) Backscattered electron (BSE) image of a type A CAI N-01-CAI01 in N-01 (NWA 
801). (b) BSE image of a chondrule-CAI compound N-01-chd05 in N-01. The CAI portion is shown 
by the yellow dashed line. (c) Combined elemental map in Mg (red), Ca (green), Al (blue) KαX-rays 
image of N-01-chd05. The area of (d) is shown by the white dashed line square. (d) Enlarged image 
of the combined elemental map for N-01-chd05. The upper area is a part of the CAI portion and the 
lower area is a part of the chondrule portion. an: anorthite, sp: spinel, ol: olivine, px: low-Ca 







Fig. 2.3.1.4-2 Bulk chemical composition of a chondrule-CAI compound N-01-chd05 in N-01 (NWA 
801) and chemical compositions of the CAI portion (CAI) and the chondrule portion (chondrule) of 
N-01-chd05 are projected from spinel (MgAl2O4) onto the plane Al2O3–Mg2SiO4–Ca2SiO4. The 
original figure is in Ivanova (2016). Bulk compositions of major CAIs and Al-, Fe, Mg-rich 
chondrules from CV3 chondrites, equilibrium condensation trend for solid (Ivanova, 2016, and 








Fig. 2.3.2 An optical image (left) and a representative µXCT slice image (right) of N-m01 (a small 









Fig. 2.3.3.1-1 Xe three-isotope diagrams for 130Xe/132Xe vs. 136Xe/132Xe. The isotopic compositions 
of the endmembers are listed in Table 2.3.3-2. (a) Data of stepwise heating analysis for CR chondrite 
samples E-02 (EET 92048), M-L01 (MIL 090657), and N-03 (NWA 801). The total of stepwise 
heating analysis data for MIL 090657 is not determined because of the lack of Xe abundance data 
released at 800 ºC. (b) Data of stepwise heating analysis for M-L04 (MIL 090657) and M-L04AQ 
(hydrothermally treated MIL 090657). (c) Data of total extraction analysis for small grain samples 







Fig. 2.3.3.1-2 Xe three-isotope diagrams for 130Xe/132Xe vs. 136Xe/132Xe. The isotopic compositions 
of the endmembers are listed in Table 2.3.3-2. Data of stepwise heating analysis for CR chondrite 
samples E-02 (EET 92048), M-L01 (MIL 090657), and N-03 (NWA 801) are plotted. The total of 
stepwise heating analysis data for MIL 090657 is not determined due to lack of Xe abundance data 








Fig. 2.3.3.2 Kr three-isotope diagrams for 82Kr/84Kr vs. 86Kr/84Kr. The isotopic compositions of the 
endmembers are listed in Table 2.3.3-1. Data of stepwise heating analysis for CR chondrite samples 
E-02 (EET 92048) are plotted along with the totals of stepwise heating analysis for N-03 (NWA 801), 
M-L04 (MIL 090657), and M-L04AQ (hydrothermally treated MIL 090657) are plotted. The 








Fig. 2.3.3.3-1 Ne three-isotope diagrams. The isotopic compositions of the endmembers are listed in 
Table 2.3.3-1. The range of Ne compositions produced by the interaction of solar cosmic rays (SCR) 
in a shergottite ALHA 77005 (Garrison et al., 1995) is shown. (a) Data of stepwise heating analysis 
for CR chondrite samples E-02 (EET 92048), M-L01 (MIL 090657), and N-03 (NWA 801). (b) Data 
of stepwise heating analysis for M-L04 (MIL 090657) and M-L04AQ (hydrothermally treated MIL 






Fig. 2.3.3.3-2 Release patterns of 4He, 20Ne, and 36Ar in E-02 (EET 92048), M-L04 (MIL 090657) 







Fig. 2.3.3.3-3 An enlarged Ne three-isotope diagrams for stepwise heating analysis. The isotopic 
compositions of the endmembers are listed in Table 2.3.3-1. The Ne compositions released at 400 ºC 
from E-02 (EET 92048) and M-L01 (MIL 090657) are plotted along with the Ne compositions in a 
refractory amorphous interplanetary dust particle “Manchanito” (Ogliore et al., 2020) and cometary 
dusts St-1 and Thera-2 captured by the Stardust spacecraft (Marty et al., 2008). The 20Ne/22Ne ratios 
of trapped Ne released at 400 ºC from E-02 and M-L01 are calculated with an assumption that the 
measured isotopic ratios are mixtures of cosmogenic components and trapped components with a 






Fig. 2.3.3.4 He isotope ratios for M-L04 and M-L04AQ. The isotopic compositions of the 
endmembers are listed in Table 2.3.3-1. He isotope ratios for Stardust samples St-1 and St-2 (Marty 








Fig. 2.3.3.5 Elemental ratios of 84Kr/132Xe vs. 36Ar/132Xe. The compositions of the endmembers are 
listed in Table 2.3.3-3. The upper figure shows the data of stepwise heating analysis for CR 
chondrite samples E-02 (EET 92048), M-L04 (MIL 090657), and M-L04AQ (hydrothermally treated 
MIL 090657) are plotted along with Renazzo (Reynolds, 1964), Ningqiang (C3-ung) and a dark 
inclusion in Ningqiang (Nakamura et al., 2003). The elemental composition in M-L04 is affected by 
the adsorbed atmosphere that is fractionated from the Earth atmosphere. The lower figure shows the 
data of stepwise heating analysis for N-03 (NWA 801) along with totals of stepwise heating analysis 





Fig. 2.3.3.6-1 A diagram for 4He concentration vs. 4He/20Ne ratio for NWA 801 samples N-m01 – 
N-m03 (small grain samples) and N-03. The gray areas show 4He/20Ne ratios for solar wind (42 ± 
0.3; Heber et al., 2009), a solar-gas-rich H chondrite Acfer 111 (571 - 612; Pedroni and Begemann, 





Fig. 2.3.3.6-2 Elemental ratios of 20Ne/36Ar vs. 132Xe/36Ar for NWA 801 samples N-mXX (small 
grain samples) with 4He/20Ne >450 and N-03 along with E-02 (EET 92048), a primitive 
carbonaceous chondrite Ningqiang (Nakamura et al., 2003), and CO chondrites (Scherer and Schultz, 
2000). The compositions of the endmembers are calculated from the elemental abundance ratios 





Fig. 2.3.3.6-3 A diagram for 20Netrap vs. 21NeC for NWA 801 small grain samples N-mXX with 







Fig. 2.4.1 Elemental ratios of 20Netrap/132Xe vs. 36Artrap/132Xe for E-02 (EET 92048), M-L04 (MIL 
090657), M-L04AQ (hydrothermally treated MIL 090657), and N-03 (NWA 801) along with various 
chondrites (Mazor et al., 1970; Schelhaas et al., 1990; Scherer and Schultz, 2000; Hewins et al., 
2014; Okazaki and Nagao, 2017; Davidson et al., 2019). 132Xe in M-L04 and M-L04AQ are 
corrected for atmospheric contributions. See subsection 2.4.1 for deconvolution procedures for Ne 































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2.3.1.2.  CR chondrite subtypes and diagnostic parameters.
Meteorites EET 92048 MIL 090657 NWA 801

















metal and silicate by
phyllosilicate and oxide







CR chondrite subtypes are determined based on the classification scheme in
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Astronomical observations for solar-like stars suggest extremely higher solar wind 
flux in the past. The astrospheric absorption provides a way to empirically estimate the 
mass-loss rates of solar-like stars, leading to the estimates of how solar-like winds vary 
with stellar age and activity (Wood et al., 2004). The data are generally consistent with 
that younger stars have stronger winds. For example, the solar wind flux of the star of 1 
Gyr old is up to ~50 times higher than that of the 4.6 Gyr old star (Wood et al., 2015). 
Although there are still only a handful of observations for the estimation, theoretical 
studies also support this conclusion (e.g. Airapetian and Usmanov, 2016; Pognan et al., 
2018). These studies suggest that the solar wind flux of the much older Sun had been 
still high, like 10 times denser for the 2 Gyr old Sun than the present-day (4.65 Gyr old) 
solar wind flux (Airapetian and Usmanov, 2016). On the other hand, the estimation from 
the abundance of implanted solar wind 84Kr in the lunar regolith using the Apollo drill 
core samples suggests that the mean average solar wind flux over the lifetime of the 
present lunar regolith (the past up to 4 Ga) is similar to the present-day solar wind flux 
(Wieler, 2016). However, this estimation is somewhat uncertain because the 
concentrations of solar wind 84Kr below the drill core samples (2.4 m) are not known. 
Some brecciated meteorites contain abundant solar wind noble gases that had been 
trapped via direct implantation to regolith materials on the uppermost surface of their 
parent body asteroids (Bischoff et al., 2006). From those solar-gas-rich meteorites, 
several studies attempted to estimate the heliocentric distances of the meteorite parent 
bodies for CM chondrites (Anders, 1975), H chondrites (Wieler et al., 1989; Nakashima 
et al., 2002), EL chondrites (Nakashima et al., 2006), and a R chondrite (Obase et al., 
2020). The heliocentric distances have been obtained from comparing the ratios of the 
solar wind noble gas concentrations to the cosmic-ray exposure ages between the 
solar-gas-rich meteorites and the lunar samples. This is based on two reasons that solar 
wind flux is inversely related to the square of the heliocentric distance and that the 
moon is located at 1 au. However, this method has some problems; the different 
properties between the lunar and asteroid regolith such as maturities, gardening 
processes, and the effect of the earth’s magnetosphere.  
Genetic links between meteorites and asteroids have been widely accepted mainly 
87 
 
based on their spectral affinities (e.g. DeMeo et al., 2015). Hayabusa, a recent sample 
return mission, strengthened this idea by finding that the mineralogy and mineral 
chemistry of dust particles recovered from the S-type asteroid 25143 Itokawa are 
identical to those of thermally metamorphosed LL chondrites, consistent with 
spectroscopic observations (Nakamura et al., 2011). Trinquier et al. (2009), Warren 
(2011), and Kruijer et al. (2017) show that carbonaceous chondrites are isotopically 
different from noncarbonaceous chondrites, suggesting carbonaceous chondrites formed 
in a distinct reservoir. Kruijer et al. (2017) proposed that Jupiter separated the reservoirs 
for carbonaceous chondrites and noncarbonaceous chondrites and the carbonaceous 
chondrites accreted beyond Jupiter. However, many C-type asteroids that spectrally 
match to carbonaceous chondrites are now distributed in the main asteroid belt (DeMeo 
and Carry, 2014). This may suggest that the asteroid orbits have been largely disturbed 
in the history of the Solar System. To understand the evolutions of asteroid orbits, past 
heliocentric distances of asteroids are critical information.  
In this study, I report the past solar wind 36Ar flux estimated from the noble gas 
compositions in seven solar-gas-rich meteorites in literature. For the estimation, I 
developed an estimation model for the past solar wind 36Ar flux using a correlation 
between solar and cosmogenic noble gas concentrations in a solar-gas-rich meteorite. I 
also report the past heliocentric distances of the meteorite parent bodies that are 
estimated by comparing the past solar wind 36Ar fluxes on the meteorite parent bodies 
and the present-day 1 au solar wind flux obtained by the Genesis mission (Heber et al., 
2009). This method is free from the problems in the previous estimation models. 
Implications for the past solar wind flux and the evolution of the heliocentric distances 
of the meteorite parent bodies are discussed in the later sections. 
 
3.2 Estimation models 
The 3He, 21Ne, and 38Ar are generally used for discussions of cosmogenic noble 
gases (e.g., Nakashima et al., 2018) because they have relatively high 
cosmogenic/trapped gas ratios compared to other isotopes. However, 3He is easily 
disturbed by diffusive loss (Schultz et al., 2005) and 38Ar is potentially lost by terrestrial 
weathering (Okazaki et al., 2000; Patzer and Schultz, 2001). I assume that solar wind Ar 
in the meteorites in this study is mostly retained after implantation. This assumption is 
supported by the fact that the solar wind Ar is almost retained in the lunar regolith 
(Wieler 2016) that is much more mature than asteroid regolith (i.e., lack of glassy 
agglutinates and short regolith exposures for solar-gas-rich meteorites) (Mckay et al., 
1989). Thus, I use 21NeC and 
36ArSW data for discussion of cosmogenic and solar noble 
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gas concentrations without consideration for the possibility of significant loss of these 
gases. 
 
3.2.1 Correlation of solar and cosmogenic noble gases in solar-gas-rich meteorites 
The surfaces of objects in the Solar System are continuously exposed to the solar 
wind, solar cosmic rays (SCRs) and galactic cosmic rays (GCRs). The typical ion 
energies are ~1 keV/nucleon, ~1 - 100 MeV/nucleon and ≥0.1 GeV/nucleon, 
respectively (Caffee et al., 1988). Solar wind particles, including noble gases, are 
implanted ~1 µm of the surface of the exposed materials, and the isotope ratios of the 
implanted elements are fractionated depending on their penetration depths; e.g., 
20Ne/22Ne changing from ~15 to ~11 with increasing depth (Grimberg et al., 2008). 
SCRs and GCRs penetrate a few centimeters and a few meters from the surface (Wieler, 
2002a), respectively, and produce cosmogenic noble gases in the exposed materials via 
spallation reactions. The contribution of SCR irradiation to the production of 
cosmogenic noble gases for the well-mixed regolith is negligibly small compared to the 
GCR irradiation (Wieler et al., 1989). Regolith breccias are lithified components from 
the upper surface of the parent bodies and composed of fine particles and coarse 
fragments. The fine particles contain solar and cosmogenic noble gases (e.g., Wieler et 
al., 1989), indicating direct exposure to the Sun on the surface of the parent body while 
the coarse fragments are mostly dominated by cosmogenic noble gases due to small 
surface/volume ratio. 
Figure 3.2.1-1 compares 21NeC concentrations with 
36ArSW concentrations in the 
samples seven solar-gas-rich meteorites in the literature (Wieler et al., 1989; Pedroni, 
1989; Nakashima et al., 2002, 2006; Obase et al., 2020). The 21NeC concentrations 
increase with increasing 36ArSW concentrations. The correlations are interpreted as a 
result of mixing between the SW-irradiated and -unirradiated fine particles in various 
proportions (e.g., Wieler et al., 1989; Nakashima et al., 2006; Obase et al., 2020). 
Hereafter I describe a modified exposure model that is originally developed in 
Nakashima et al. (2006) in order to interpret the observed 21NeC-
36ArSW correlation. 
The solar-gas-rich meteorite had experienced two exposure stages: regolith 
exposure and space exposure. In Figure 3.2.1-2a, b), the appearance of regolith is shown 
along with a schematic 21NeC-
36ArSW diagram during the regolith exposure. Data points 
expected for the materials in the thick regolith layer are plotted in the diagram. I simply 
assumed that there are two materials in the surface regolith: fine particles and coarse 
fragments. The surface regolith is exposed to solar wind and GCRs and assumed to have 
been continuously mixed over the GCR active zone range (0 – 520 g/cm2: Leya et al., 
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2001) due to bombardment of cosmic dust and meteoroids (i.e. well-mixed regolith 
stratum) (Fig. 3.2.1-2a). In this case, the fine particles obtain 36ArSW and 
21NeC in a 
specific ratio that is identical to the ratio of the solar wind flux (F36) to the production 
rate of 21NeC (P21) per unit area (Fig. 3.2.1-2b). Fine particles that have been exposed to 
solar wind and GCRs for a longer time contain larger amounts of 36ArSW and 
21NeC. The 
difference in the duration of the exposure for the fine particles comes from the addition 
of newly formed fine particles via bombardment or comes from the incorporation of 
fine particles, that have never experienced any exposure, from the deep site due to a 
large-scale mixing. The coarse fragments are plotted near the y-axis of the diagram 
because the fragments acquire small concentrations of solar noble gases due to small 
surface/volume ratios. After ejection from the parent asteroid as a meter-sized or 
cm-sized meteoroid, all the materials in the meteoroid acquire additional cosmogenic 
noble gases due to the GCR exposure during transit to Earth (space exposure), and all 
data points shift upwards in the 21NeC-
36ArSW diagram (Fig. 3.2.1-2c). The angle 𝑎 in 
Fig. 3.2.1-2b corresponds to the slope values of the regression lines for the data points 
of the solar-gas-rich meteorites (Fig. 3.2.1-1). 
 
3.2.2 Calculation of past solar wind flux on meteorite parent body 
The surface regolith is assumed to have been well-mixed over the GCR active zone 
range (0 – 520 g/cm2: Leya et al., 2001) due to bombardment of cosmic dust and 
meteoroids. In this case, the concentrations of 36ArSW and 
21NeC in the regolith increase 
in a ratio of the solar wind flux (F36) to the production rate of 
21NeC (P21) per unit area. 
This ratio is recorded as a slope 𝑎 of a correlation line for fine particles (Fig. 3.2.1-2b). 
Therefore, F36 is obtained from the following equation: 
 
𝐹36  =  𝑎
−1 𝑃21  (1) 
 
where F36 [atoms cm
-2 s-1] is a solar wind 36Ar flux on the regolith of the parent asteroid, 
𝑎 is a slope of a regression line for fine particles in 21NeC-36ArSW plot, and P21 [atoms 
cm-2 s-1] is the production rate of cosmogenic 21Ne per unit area. P21 is given by the 
following equation: 
 
P21 = 1.79[Na]+2.01[Mg]+0.69[Al]+0.58[Si]+0.07[Ca]+0.01[Fe]+0.01[Ni] (2) 
 
where the coefficients are the integrated values of 21NeC production rates [atoms g
-1 s-1] 
for each target element at the shielding depths from 0 to 520 g cm-2 given in Leya et al. 
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(2001). The [element] is concentrations of respective elements as weight fraction. P21 
could change if GCR flux is largely different in the past. However, such variations are 
not detected from iron meteorites that record the intensity of GCRs up to ~650 Ma 
(Smith et al., 2019).  
Assuming a spherical parent body and its rotation axis is vertical to the ecliptic 
plane, the solar wind 36Ar flux at the heliocentric distance of the meteorite parent body 
(𝐹36)𝑟𝑃 is given by: 
 
(𝐹36)𝑟𝑃 = π𝐹36 cos 𝜃⁄    (3) 
 
The factor of π is a ratio between a flux of incoming atoms at a certain location and a 
flux of hitting atoms to surface materials on a rotating object at the same location. θ (0° 
- 90°) is an angle of latitude where the meteoritic materials had exposed to the solar 
wind. Solar wind flux is lower at higher latitudes on a parent asteroid due to the 
shallower angle of the incident. However, it is difficult to constrain θ. In this case, the 
calculated (𝐹36)𝑟𝑃value for θ = 0° is a lower limit for the solar wind 
36Ar flux at the 
heliocentric distance of the meteorite parent body. The probability decreases with 
increasing θ due to the smaller area for higher latitude. The calculated (𝐹36)𝑟𝑃values 
for θ = 43° and 72° (0° - 43° and 0° - 72° occupy 68% and 95% of a total surface area, 
respectively) for the respective meteorites are also shown in Table 3.3-2 along with the 
values for θ = 0°.  
 
3.2.3 Calculation of past heliocentric distance of meteorite parent body 
Several studies attempted to estimate the heliocentric distances of parent bodies of 
solar-gas-rich meteorites by comparing ratios of solar wind noble gas concentrations to 
cosmic-ray exposure ages between the meteorites and the lunar samples (Anders, 1975; 
Wieler et al., 1989; Nakashima et al., 2002, 2006; Obase et al., 2020). This is because 
the solar wind flux is inversely related to the square of the heliocentric distance and the 
Moon is located at 1 au. However, this method does not consider the different properties 
between the lunar and asteroid regolith such as maturities, gardening processes and the 
effect of the Earth’s magnetosphere. Assuming that the past solar wind flux is almost 
identical to the present-day solar wind flux, a heliocentric distance of a meteorite parent 
body is obtained by comparing the past solar wind flux on the meteorite parent body 
with the solar wind flux at 1 au obtained by the NASA’s Genesis mission (Heber et al., 
2009).  
The heliocentric distance rP to be estimated is the distance of the meteorite parent 
91 
 
body from the Sun in the past when constituents of the meteorite had been exposed to 
the solar wind. As the solar wind flux is inversely related to the square of the 
heliocentric distance, rP is given by the following equation: 
 
𝑟𝑝   =   √(𝐹36)1𝑎𝑢 (𝐹36)𝑟𝑃⁄   (4) 
 
where (𝐹36)1𝑎𝑢  and (𝐹36)𝑟𝑃  are the fluxes of solar wind 
36Ar at 1 au and rP, 
respectively, at the time of solar wind irradiation for a meteorite. The present-day solar 
wind 36Ar flux at 1 au of (4.07 ± 0.08) × 102 atoms cm-2 s-1 (Heber et al., 2009) is 
applied to (𝐹36)1𝑎𝑢. Assumptions for the calculation of rP in this study are: (1) the solar 
wind particle flux in the past and the present-day flux are the same; and (2) the 
meteorite materials had exposed to the solar wind at the equator of the parent body (θ = 
0°).  
 
3.3 Results and discussion 
I estimated the solar wind 36Ar fluxes in the past from seven solar-gas-rich 
meteorites in the literature. The meteorites are ALH 85119 (EL3), MAC 88136 (EL3), 
Acfer 111 (H3-6), Fayetteville (H4), Tsukuba (H5-6), PRE 95410 (R3), and Kapoeta 
(howardite). The past heliocentric distances of the parent bodies of the meteorites are 
also estimated. The parameters used in the calculations are summarized in Table 3.3-1. 
For the calculation of 21NeC in meteorite samples, the (
20Ne/22Ne)C ratios are always 
assumed to be 0.8 (Eugster, 1988). The estimated solar wind 36Ar fluxes in the past and 
the past heliocentric distances of the meteorite parent bodies are summarized in Table 
3.3-2. Contaminations of fragments in a data set may decrease the slope of the 
21NeC-
36ArSW regression line (Nakashima et al., 2006) because a fragment once 
experienced the regolith exposure is plotted close to the y-axis with a similar amount of 
21NeC with the fine-grained samples (Figure 3.2.1-2b). In this case, the slope of the 
regression line is an upper limit for 𝑎 and thus the calculated F36 is an upper limit. For 
the calculations in this study, we used sample data remarked as “matrix” or reported as 
they were free from large fragments or clasts, except for the two EL chondrites.  
The past solar wind 36Ar fluxes on the parent bodies of ALH 85119 (EL3) and 
MAC 88136 (EL3) are estimated from the 21NeC and 
36ArS (solar wind 
36Ar) reported in 
Nakashima et al. (2006). The M16 with extreme noble gas composition is excluded 
from the calculation for MAC 88136. The average chemical composition of EL 
chondrites (Wasson and Kallemeyn, 1988) is used to calculate P21. Both meteorites do 
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not exhibit a light-dark structure, that may be due to terrestrial weathering, and the 
samples might contain some fragments (Nakashima et al., 2006). The estimated fluxes 
are thus upper limits for the past solar wind 36Ar fluxes on the parent bodies. 
The past solar wind 36Ar fluxes on the parent bodies of Acfer 111 (H3-6), 
Fayetteville (H4), and Tsukuba (H5-6) are estimated. For Acfer 111, I used the samples 
with high 20Ne/22Ne ratios (>10) in Schultz and Franke (2004) and I assumed that they 
are free from fragments. For Fayetteville and Tsukuba, I used the noble gas data of 
“matrix” in Wieler et al. (1989) and “TD” (Tsukuba Dark) in the solar-gas-rich portion 
group in Nakashima et al. (2002), respectively. (21Ne/22Ne)C = 0.84, that is an 
intermediate value of the Acfer 111 matrix samples (Pedroni, 1992), and 0.88 (Wieler et 
al., 1989) are applied to calculate 21NeC of Acfer 111 and Fayetteville, respectively. For 
Tsukuba, 21NeC reported in Nakashima et al. (2002) are used. I assumed that all 
36Ar in 
Acfer 111, Fayetteville, and Tsukuba are implanted solar wind. The average chemical 
composition of H chondrites (falls) (Jarosewich, 2006) is used for the calculation of P21. 
The past solar wind 36Ar flux on the parent body of PRE 95410 (R3) is estimated 
from the 21NeC and 
36ArS (solar wind 
36Ar) reported in Obase et al. (2020). The average 
chemical composition of R chondrites (Bischoff et al., 2011) is used to calculate P21.  
The past solar wind 36Ar flux on the parent body of howardite Kapoeta is estimated 
from the noble gas data of “dark matrix” in Pedroni (1989). (21Ne/22Ne)C = 0.83 
(Pedroni, 1989) is applied to calculate 21NeC. The primordial 
36Ar is estimated to be 
<2% of the 36Ar concentrations in the “dark matrix” samples using the 132Xe 
concentration of 111.9 cm3STP g-1 in Kapoeta (Swindle et al., 1990) and the typical 
36Ar/132Xe ratio of 76 for the Q component (Ott, 2014) with an assumption that all 132Xe 
in Kapoeta is Q. The contribution of the primordial 36Ar is negligibly low. Thus, I 
assumed that all 36Ar is implanted solar wind. The whole-Rock chemical composition of 
Kapoeta (Mittlefehldt et al., 1998) is used to calculate P21.  
 
3.3.1 Solar wind flux in the past 
The estimated solar wind 36Ar fluxes in the past are summarized in Table 3.3-2 
along with the present-day solar wind 36Ar fluxes at the location of the asteroids that are 
analogous to the meteorites (DeMeo and Carry, 2014). The analogous asteroids are 
assumed to be E-type asteroids for EL chondrites, S-type asteroids for H and R 
chondrites (DeMeo et al., 2015), and the asteroid 4 Vesta for the howardite Kapoeta 
(Mittlefehldt, 2015). The estimated past solar wind fluxes (θ = 0°) are consistent with 
the present-day fluxes except for the R chondrite PRE 95410. The higher solar wind 
flux may indicate that the solar wind flux had been a few to several times higher at the 
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time of regolith exposure for PRE 95410. However, the short heliocentric distance also 
explains the high solar wind flux. The solar wind 36Ar flux of 221 ± 64 atoms cm-2 s-1 
for PRE 95410 (θ = 0°) corresponds to the present-day solar wind 36Ar flux at 1.36 ± 
0.20 au. The reflectance spectra of the asteroid 5261 Eureka in a stable orbit with a 
semi-major axis of 1.52 au qualitatively matches with an R chondrite (Rivkin et al., 
2007) and thus Eureka might be the parent body of PRE 95410 (Obase et al., 2020). 
Kapoeta probably records the solar wind flux at sometime before ~1 Ga (see 3.3.2 
Timing of solar wind irradiation). This suggests that the solar wind flux in at least past 
~1 Ga had been similar to the present-day solar wind flux. Although the estimated past 
solar wind flux with θ = 0° is a lower limit for the past solar wind flux at the 
heliocentric distance of the meteorite parent body (see 3.2.2 Calculation of past solar 
wind flux on meteorite parent body), any evidence for a very strong solar wind flux in 
the past is not found from the seven solar-gas-rich meteorites. This may indicate that the 
intense past solar wind flux, like ~10 times denser at ~2.65 Ga than the present-day flux 
(Airapetian and Usmanov, 2016), proposed by the astronomical observations (Wood et 
al., 2015) and the theoretical prediction (Airapetian and Usmanov, 2016) is 
overestimated but support rather constant solar wind flux in the Solar System history 
that is estimated from the abundance of solar wind 84Kr in the lunar regolith (Wieler, 
2016). 
 
3.3.2 Timing of solar wind irradiation 
Estimation of antiquities of the solar wind irradiation on the meteorite parent body 
is very important to understand a long-term variation of the solar wind flux. The 
regolith production had probably been more active in the younger Solar System due to 
the higher impact flux (Bottke et al., 2012). Therefore, it is often believed that most of 
the solar-gas-rich meteorites collected very ancient solar wind (Wieler, 2002b), like ~4 
Ga. However, the antiquity of the regolith exposure is largely unconstrained so far 
because any direct estimation technique has never been well-established. The 
compaction ages of some brecciated CM chondrites have been determined to be 4.22 – 
4.58 Ga by the fission-track technique (Macdougall and Kothari, 1976). This suggests 
that the regolith exposure for those CM chondrites took place in the early Solar System 
because solar wind implantation always occurs before compaction. One xenolith from a 
howardite Kapoeta has a K-Ar age of ~2 Ga (Pedroni, 1989), indicating that the 
compaction of Kapoeta is after ~2 Ga. A shock-generated glass vein that intruded into 
Kapoeta was produced at ~1 Ga (Lindsay et al., 2015), indicating that the compaction of 
Kapoeta is before ~1 Ga because such a vein structure does not survive a gardening 
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process on the surface regolith. These chronologies constrain the compaction age of 
Kapoeta to be between ~1 Ga and ~2 Ga, suggesting the timing of the solar wind 
irradiation for Kapoeta to be before ~1 - 2 Ga. The solar wind implantation for some 
meteorites might have occurred more recently. Long-term changes in the solar wind 
composition may provide direct constraints. A secular change of (84Kr/132Xe)SW ratio 
has been suggested; 4.1 – 6.1 for the “old” lunar soils with the antiquity of 1 – 4 Ga and 
7.4 – 9.9 for the “young” lunar soils with the antiquity of ~100 Ma and the Genesis 
samples (Wieler, 2016). The (84Kr/132Xe)SW ratio in Fayetteville (H4) is similar to the 
“young” lunar soils. This may suggest the implantation took place not more than ~100 
Ma ago (Wieler, 2016). On the other hand, the low (84Kr/132Xe)SW ratio in PRE 95410 
suggests the regolith exposure occurred before ~100 Ma (Obase et al., 2020). However, 
this method is only applicable to a meteorite that contains exceptionally high amounts 
of solar gases or for a meteorite that is poor in primordial noble gases. It is not easy to 
obtain (84Kr/132Xe)SW ratio from most solar-gas-rich meteorite because the primordial 
noble gases often dominate Kr and Xe and they hide the solar Kr and Xe. In summary, 
the antiquities of the regolith exposure for solar-gas-rich meteorites are probably highly 
variated from very ancient (>~4.2 Ga) to recent (<~100 Ma). The timings of the solar 
wind implantation for ALH 85119 (EL3), MAC 88136 (EL3), Acfer 111 (H3-6), and 
Tsukuba (H5-6) are not constrained. 
 
3.3.3 Heliocentric distance of meteorite parent body 
The past heliocentric distances of the seven solar-gas-rich meteorites are estimated. 
The assumptions for the estimations are that the solar wind 36Ar flux in the past is the 
same as the present-day solar wind 36Ar flux and that the meteoritic materials had 
exposed to the solar wind at the equators (θ = 0°) of the spherical parent bodies. The 
estimated past heliocentric distances of the meteorite parent bodies are almost consistent 
with the present-day distributions for the analogous asteroids that show similar 
reflectance spectra with the meteorites (DeMeo and Carry, 2014, DeMeo et al., 2015) 
and the predicted heliocentric distances of their formation locations (Desch et al. 2018) 
except for the R chondrite PRE 95410 (Fig. 3.3.3). This suggests that the heliocentric 
distances of the parent bodies of the most solar-gas-rich meteorites have never changed 
largely after their formation.  
The estimated past heliocentric distance of the PRE 95410 parent body is 1.36 ± 
0.20 au. This is consistent with the previous estimation of 1.4 ± 0.3 au (Obase et al., 
2020). The estimated heliocentric distance of the PRE 95410 parent body, that is 
probably a record at sometime before ~100 Ma ago (Obase et al., 2020), is much shorter 
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than the predicted formation location of 2.6 au (Desch et al., 2018). This suggests that 
the parent body of the PRE 95410 had migrated to the inner location after its formation 
at sometime before ~100 Ma ago. The asteroid 5261 Eureka in a stable orbit with a 
semi-major axis of 1.52 au might be the parent body of PRE 95410 (see 3.3.1 Solar 
wind flux in the past). 
 
3.4 Summary 
I developed a new estimation model for the past solar wind 36Ar flux using a 
correlation between solar and cosmogenic noble gas concentrations in a solar-gas-rich 
meteorite. The estimation is based on the modified exposure model for solar-gas-rich 
meteorites that is originally proposed in Nakashima et al. (2006). I estimated the past 
solar wind 36Ar fluxes recorded in six solar-gas-rich meteorites using noble gas data in 
the literature. The past heliocentric distances of the meteorite parent bodies are also 
estimated by comparing the past solar wind 36Ar fluxes on the meteorite parent bodies 
and the present-day 1 au solar wind flux determined by the Genesis mission (Heber et 
al., 2009). This new estimation method is free from the problems in the previous 
estimation models for the heliocentric distances of meteorite parent bodies. 
The past solar wind 36Ar fluxes recorded in most of the solar-gas-rich meteorites 
are similar to the present-day solar wind flux. Any evidence for a very strong past solar 
wind flux, like ~10 times denser solar wind flux at 2.65 Ga than the present-day solar 
wind flux (Airapetian and Usmanov, 2016), is not found from meteorites. This may 
indicate that the intense past solar wind flux proposed by the astronomical observations 
(Wood et al., 2015) and the theoretical prediction (Airapetian and Usmanov, 2016) is 
overestimated but support rather constant solar wind flux in the Solar System history 
that is estimated from the abundance of solar wind 84Kr in the lunar regolith (Wieler 
2016). The estimated past heliocentric distances of the meteorite parent bodies are 
almost consistent with the present-day distributions for the analogous asteroids (DeMeo 
and Carry, 2014; DeMeo et al., 2015) and the predicted heliocentric distances of their 
formation locations (Desch et al., 2018) except for PRE 95410. This suggests that the 
heliocentric distances of the parent bodies of the most solar-gas-rich meteorites have 
never changed largely after their formation. The past solar wind flux recorded in the R 
chondrite PRE 95410 is exceptionally high. This is probably due to a short heliocentric 
distance of the parent body of the PRE 95410, suggesting that the parent body of the 
PRE 95410 had migrated to the inner location after its formation. Alternatively, the solar 
wind flux at the time of the solar wind irradiation for PRE 95410 was a few to several 
times higher than present-day solar wind flux. 
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The solar-gas-rich meteorites record the solar wind flux in the past. The newly 
developed estimation model for the past solar wind flux using noble gas compositions in 
the solar-gas-rich meteorites would be a unique method to verify the long-term variation 
in the solar wind flux in our solar system. And the estimation method for the past 
heliocentric distance of the meteorite parent body using the past solar wind flux would 
be a strong tool for understanding the evolution of asteroid orbits. However, in order to 
obtain further constraints, a direct dating technique for the antiquities of the solar wind 






Fig. 3.2.1-1 21NeC-36ArSW diagrams for the seven solar-gas-rich breccias. ALH 85119 and MAC 
88136 are from Nakashima et al. (2006), Acfer 111 is from Schultz and Franke (2004), Fayetteville 
is from Wieler et al. (1989), Tsukuba is from Nakashima et al. (2002), PRE 95410  is from Obase et 
al. (2020), and Kapoeta is from Pedroni (1989). The regression lines (solid lines) for the samples are 
shown along with the 1σ confidence lines (dashed lines). The concentrations of 21NeC and 36ArSW in 







Fig. 3.2.1-2 Schematic diagrams showing (a) the exposure environment of surface regolith, (b) solar 
wind 36Ar implantation and production of cosmogenic 21Ne per unit area of the regolith during 
regolith exposure, and (c) production of 21NeC in a meteoroid in space during space exposure. In (b) 
and (c), schematic 21NeC-36ArSW diagrams are also illustrated that show typical concentrations of 






Fig. 3.3.8 The estimated past heliocentric distances of the seven solar-gas-rich meteorites (black 
circles) are shown along with the predicted formation locations of their parent bodies (open circles) 
(Desch et al., 2017) and the present-day distributions of their analogous asteroids (gray areas and a 
gray line) (DeMeo and Carry, 2014). ELC, HC, RC, and HOW denote EL chondrite, H chondrite, R 
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